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ABSTRACT 
 
 
In this study, lithium thio-germanate thin amorphous films were prepared as 
electrolytes for lithium rechargeable batteries by RF sputtering deposition in Ar atmosphere. 
The targets for RF sputtering were prepared by milling the appropriate amounts of the 
starting materials in the nLi2S+GeS2(n = 1, 2, and 3), Li2GeS3, Li4GeS4 and Li6GeS5, binary 
system. The ~1 μm thin film electrolytes were grown onto a variety of substrates using 50 W 
power and 25 mtorr gas pressure. Films were sputtered in inactive Ar atmospheres. IR, 
Raman spectroscopy and XRD were used to characterize the chemical bonding and the local 
structures in the films. XPS spectroscopy was used to further characterize the composition 
and electronic structures of the films.  
Ionic conductivity measurements of the electrolyte film using impedance 
spectroscopy were used to examine the Li2S dependence of the conductivity. The 
conductivities of the thin films at 25 oC is 1.7 × 10-3 (S/cm). This ionic conductivities of the 
thin films are two order magnitude higher than oxide thin films (LiPON) which are 
commercial thin film electrolytes. Therefore, lithium thio-germanate thin film electrolytes are 
very promising materials for use Li-ion batteries. 
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1. GENERAL INTRODUCTION 
1.1 Introduction 
One of the important challenges facing human life is renewable energy generation, 
conversion, storage, and distribution and the need to keep up with the rapid development of 
many important technologies such as portable electronics[1], transportation[2] and communications[3].  
The environmental issues and economical aspects related to the development and use 
of electrochemical batteries are significant. Air pollution and the explosive growth in the use 
of limited natural sources are major concerns. The enormous growth in the demand of energy 
sources over the past decades has generated a large need for high energy density portable 
energy sources[4,5]. As power requirements become more demanding, batteries are also 
expected to provide higher energy densities. Lithium-based batteries have begun to fill this 
need due to their use of lithium as a high energy density anode material. Lithium is very 
lightweight and has a high electrochemical equivalency so that lithium represents a high 
ionic conductive potential. Therefore, rechargeable lithium batteries are attractive for 
numerous reasons: high voltages, high energy densities, wide operating temperature ranges, 
good power density, flat discharge characteristics, and excellent shelf life.  
Around ten years ago, lithium batteries based upon lithium metal anodes in contact 
with liquid electrolytes failed because of serious safety issues[6]. Lithium metal tends to 
form dendrites during charging and discharging due to a reaction between lithium metal and 
liquid electrolytes[7]. In addition, as the increasing tendency of all advanced technologies is 
toward miniaturization the future development of batteries is aiming at smaller dimensions 
with higher power densities. The development of technologies and miniaturization in the 
microelectronic industry has reduced the power and current requirements of electronic 
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devices. Therefore, thin film batteries are of new interest in small power electronics such as 
smart cards and other CMOS-based integrated circuit applications[8,9] as well as in solid 
state batteries which have high potential application in high power fields such as plug in 
electric and hybrid vehicles and capacitors[10,11]. In addition, thin film batteries have a 
smaller temperature dependence and able to resolve the safety issues[12,13]. It is being widely 
recognized that all-solid-state energy devices can be promising for improving the safety and 
reliability of lithium batteries because of the application of non-aqueous electrolytes.  
Although thin-film batteries have a lot of advantages over other competitive batteries, 
to succeed in being applied commercially, solid electrolytes with improved ionic 
conductivity are required. Thin film batteries have been studied for many years and recently, 
LiPON (lithium phosphorous oxy-nitride) thin film solid state batteries have become 
commercial products[14,15] because LiPON thin films show good stability in contact with 
lithium and has high cyclability[16,17]. LiPON thin films are one of the promising materials 
based on its many advantages. However, this easily prepared material still has a relatively 
low ionic conductivity of ~10-6 (S/cm) at 25 oC as compared to other materials such as 
sulfides which are in the range of 10-3 (S/cm) at 25 oC[18-20].  
 Lithium containing thio-materials show higher ionic conductivity than corresponding 
oxide materials and as a result much research is being performed to use the thio-materials as 
solid electrolytes[21]. However, sulfide materials are very hygroscopic and must be protected 
from reaction with air so that most sulfide materials have been conducted in a glove box. 
Recently, sulfide materials have been investigated such as SiS2[ 22 , 23 ], GeS2[24 , 25 ], 
P2S5[26] and B2S3[27]. Although a lot of research has been done on ion-conducting sulfide 
bulk glasses prepared by melt quenching, only a few studies of thin film ion conducting 
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sulfides have been reported[28,29] because of the difficulty in preparing them. Several thin 
film techniques such as PLD[30], RF sputtering[31], e-beam evaporator[32] and PVD[33] 
have been used to produce thin films. Among these techniques, sputtering techniques have 
been shown to produce high quality thin films.  
In a previous study[34], sulfide thin films showed that the film tended to be oxidized 
during sputtering which might occur due to air leakage of the RF chamber or high oxygen 
levels in the glove box. Another study reported that Li deficiency occurred in the thin films 
after sputtering compared to that of the target material[35]. Because sulfide thin films are 
sensitive to moisture and air, it is difficult to characterize the structure, surface morphology 
and electrochemical properties.  
In this research, among the many sulfide materials, this study uses GeS2 as base 
material because it is less hygroscopic than other sulfides and GeS2 enables a more 
electrochemically stable system to be made. Ribes et al. reported[36] on the Li2S + GeS2 bulk 
glass system for the first time, but detailed characterizations of the thin films have not been 
made. The starting materials, GeS2 and Li2S, and target materials, the Li2GeS3, Li4GeS4 and 
Li6GeS5, were characterized by X-ray diffraction to verify contamination and how 
amorphous the materials were. Further structural characterization of the starting materials, 
target materials and their thin films sputtered by RF sputtering in Ar atmosphere were 
characterized by Raman and IR spectroscopy to verify purity, contamination and how 
consistent structures between targets and their thin films. In addition, the surface morphology 
and thickness of the thin films were characterized by FE-SEM.   
In order to investigate the compositions and electronic structures of these materials, 
the lithium thio-germanate materials were characterized by x-ray photoelectron spectroscopy 
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(XPS). X-ray photoelectron spectroscopy (XPS) is one of the methods able to characterize 
information about compositional data and it is also an effective tool to study the electronic 
structure of materials. To limit contamination, every experimental step was performed 
carefully and particularly, the RF sputtering condition was optimized to obtain consistency 
between target compositions and thin film compositions without Li deficiency.  
Ionic conductivities of the target materials and their thin films were characterized by  
impedance spectroscopy. The ionic conductivities were conducted at various temperatures 
from -25 oC to 100 oC with 25 oC increments and with frequency ranges from 0.1Hz to 10 MHz. 
 
1.2  Proposed work 
1.2.1 RF magnetron sputtering as the deposition technique of choice 
While many different thin film deposition techniques could be used in this project, RF 
magnetron sputtering (RFMS) has been chosen as the technique of choice. The most 
important reasons for selecting RFMS as the technique of choice are given here[37-39]. First, 
there is no need in the project to produce thick films. To produce a protective barrier for 
lithium metal anodes, a layer is needed that only needs to be thick enough so that it does not 
have large numbers of pin holes that will lead to failure of the anode. A layer 50 to 5000 Å is 
thought to be thick enough. Such layers can easily be produced by RFMS. Secondly, in the 
thin film lithium battery project, again there is no need for thick films and films 500 to 
10,000 Å are thick enough, which are again attainable with sputtering techniques. Finally, 
sputtering can be done within the confines of a sealed glove box, can be used with multiple 
targets and film chemistries, can be used to produce very uniform films of high 
compositional integrity, and produces films with excellent adherence to the substrate.  
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1.2.2 Selection of base chemistries for target compositions. 
The Glass and Optical Materials (GOM) group at Iowa State University has much 
success in preparing and charactering chalcogenide glasses based on the three glass formers 
B2S3, SiS2, and GeS2. Among these, GeS2 is by far the most chemically stable. In fact pure 
GeS2 glass can be immersed in water or left in air for many months without chemical change. 
For these reasons, GeS2-based systems were chosen. This will also provide the opportunity to 
bench mark results against those of Yamashista et al.[40] for the binary Li2S + GeS2 system. 
Since we seek high conductivity and the vapor pressure of the covalent GeS2 is significantly 
greater than that of the ionic Li2S, we will work at rather high fractions of Li2S in the nLi2S + 
GeS2 (n = 1, 2 and 3) targets and begin with targets of nominal composition Li2GeS3, 
Li4GeS4 and Li6GeS5.  
 
1.2.3 Sputtering thin film in Ar atmospheres. 
Initial tests will be performed using Argon sputtering to optimize our techniques, 
initially on simple, but stable, oxide targets. We will then move to Ar sputtering of the nLi2S 
+ GeS2 binary systems to reproduce the previous results. The target compositions will be 
varied to optimize the Li2S concentration.  
 
1.2.4 Characterization of thin film structure and composition. 
The composition of the produced films will be determined by a number of 
standard techniques. High resolution FE-SEM will be used so that the film surface 
morphology is being examined. By measuring thickness of the thin films, the sputtering rate 
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will be determined. X-ray diffraction will be performed to verify the phase of the materials. 
In addition, XRD analysis can provide structural properties; how amorphous materials are. IR 
and Raman spectroscopy, in reflectance modes using a variety of sampling geometries such 
as ATR and grazing angle reflection, will be used to investigate the atomic level structures of 
these materials.  
The local structures and bonding types can also be determined by Raman and IR 
techniques. The Raman and IR data will determine if the structures and compositions are 
consistent between target and thin film materials. Furthermore, XPS will be used to 
characterize the composition of the films and to yield information about the electronic state 
of the constituent atoms. From the XPS compositional data, Li deficiency in the thin films 
will be seen after sputtering. In addition, from the S2p core peaks, we can calculate the 
amounts of non-bridging sulfur, bridging sulfur and lithium sulfide. If the materials were 
contaminated by oxygen or moisture, the S2p core peaks will show sulfite or sulfate peaks. 
 
1.2.5 Characterization of thin film conductivity 
Determining the Li+ ion conductivity is perhaps one the most important 
characterization steps in the project. We will use Au electrodes and single crystal Al2O3 will 
be used for insulate substrates. The ionic conductivities will be determined by complex 
impedance plots and we will use wide frequency ranges from 10-1 Hz to 10 MHz. In order to 
determine the temperature dependence of the thin film electrolytes we will perform with 
wide temperature ranges from -20 oC to 125 oC.  
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1.3 Thesis organization 
This thesis is composed of seven chapters. The first chapter includes the research 
background information on components of the batteries, thin film batteries, sulfide thin film 
batteries and theories of ionic conduction in the materials. 
 The second chapter discusses the experimental procedures that include preparation of 
the starting materials, preparation target materials, sputtering processes and characterizations 
of the prepared thin films. 
 The third chapter discusses the structural properties of lithium thio-germanate 
materials  include starting materials, target materials and thin films by using x-ray diffraction 
and Raman and infrared spectroscopy. In addition, the surface morphologies and thickness of 
the thin films sputtered by target materials were characterized by FE-SEM. X-ray diffraction 
will be used to determine phase purity and how amorphous the materials are. Raman and IR 
spectroscopy studies reveal how the different local structures of the Li2S and GeS2 materials 
and how consistent the structures are between targets and thin films. The surface morphology 
shows mirror-like surfaces and thickness of the thin film provides the sputtering rate. 
 The fourth chapter discusses the compositional data and S2p deconvoluted core peaks 
by XPS. The sensitivity factors were calibrated by the standard materials and from these the 
compositional data of the starting materials, target materials and thin film materials were 
determined. Deconvoluted S2p core peaks show the electronic structures which are binding 
energies and the ratio of bridging sulfur to lithium sulfide or non-bridging sulfur. 
 The fifth chapter discusses the ionic conductivities properties of the Li2GeS3, Li4GeS4 
and Li6GeS5 target materials at various temperatures from -25 oC to 125 oC with 25 oC 
increments. After sputtering thin films in Ar atmosphere from these three different targets, 
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the thin films were characterized by impedance spectroscopy. The ionic conductivities were 
measured at various temperatures from -25 oC to 100 oC with 25 oC increments. The 
frequency ranges are from 0.1 Hz to 10 MHz. 
 The sixth chapter discusses the general conclusions of the thesis project summarizing 
the progress this study has performed. 
 The seventh chapter discusses the future work that include GeO2 incorporating effects 
in the sulfide systems and nitrogen doping effects.  
 
1.4 Background of research 
1.4.1 Review of Battery Operation  
A battery is an assembly of electrochemical cells, connected either in series or 
parallel that is used to store chemically electricity. The primary constituents of an 
electrochemical cell are the positive electrode, the negative electrode, and the electrolyte 
which allows ions to move between the two electrodes. Chemical reactions take place at the 
two electrodes during discharging and charging of the battery in order to produce electricity. 
During discharge, positive ions move towards the positive electrode through the electrolyte 
and there is an uptake of electrons. Fig. (1.1) shows the basic components and operation of 
an electrochemical cell. 
     
1.4.2 Review of electrolyte materials 
1.4.2.1 Polymer electrolytes  
Polymer electrolytes for use in lithium batteries were rapidly developed in the 1970s 
[41]. It was found that these materials could offer a safer battery than corrosive, flammable, 
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or toxic liquid electrolytes. Today, the archetypical polymer is poly(ethylene oxide) (PEO). It 
was found that this and other polymers containing a heteroatom, such as oxygen or sulfur, 
could dissolve lithium salts, such as LiPF6 and LiAsF6 [42-44]. The heteroatoms in the 
polymer are responsible for high electron donor power and a suitable interatomic separation 
to form multiple coordinate bonds with cations. Furthermore, these polymers have low 
barriers to bond rotation that allow segmental motion of the chains, providing an ion 
transport mechanism.  
The primary concerns with these electrolytes involve their reactivity with a lithium 
metal anode and their low room temperature ionic conductivities. Their reactivity with 
lithium poses safety concerns because lithium dendrites can grow towards the cathode and 
ultimately short-circuit the cell. This can be overcome by introducing inorganic ceramic 
particles to form a composite material that is more “solid” as for their conduction properties. 
These materials have conductivities two or three orders of magnitude lower than aqueous 
electrolytes. However, thin polymer films on the order of 100 μm thick can compensate for 
their diminished conductivities. There is also the solution of increasing the operating 
temperature of the cell to around 90 °C. 
 
1.4.2.2 Solid state electrolytes 
While commercial cells will continue to be fabricated using organic polymeric 
electrolytes due to their ease of fabrication and low cost, solid state electrolytes will continue 
to attract attention for their possible use in special applications. These include, but are not 
limited to, cells that require extreme operating temperatures, maximum lifetimes, a negligible 
self-discharge, and/or thin profiles [45]. Solid state electrolytes are also attractive because 
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they provide a hard surface that is capable of suppressing side reactions and inhibiting 
dendritic growth of lithium that is capable of short-circuiting a cell [46]. However, one 
disadvantage of these electrolytes is their potential to form cracks or voids if there is poor 
adhesion to the electrode materials.  
One of the first commercially viable solid state batteries to emerge came with the 
invention of the lithium-iodine battery. This battery was invented when it was discovered that 
iodine reacts with poly-2-vinylpyridine to form a tar-like substance. When this material is 
placed in contact with a sheet of lithium foil, a thin layer of LiI is formed which acts as the 
electrolyte and the separator. These cells provided a substantial improvement, in terms of 
volumetric energy density and voltage, over the zinc-mercury oxide cells that were 
previously employed in pacemaker batteries. Additionally, the zinc-mercury oxide cells 
generated hydrogen as a by-product which prevented good sealing of the cell. Furthermore, 
catastrophic failure could occur through an internal short-circuit so the average life of the 
pacemaker was only 2 to 3 years.  
A number of candidate materials have been investigated for use as solid electrolytes 
in batteries. The most attractive candidates to date are glassy materials. These electrolytes 
have many advantages over their crystalline counterparts such as physical isotropy, absence 
of grain boundaries, good compositional flexibility, and good workability. The anisotropy 
and grain boundaries present in crystalline materials lead to resistive loss, decreasing cell 
efficiency, as well as chemical attack, raising safety concerns. A number of different systems 
have been explored and are discussed specifically below. 
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1.4.2.2.1 Oxide glasses 
More recently, oxide glasses have received little attention for their use as electrolyte 
materials because they exhibit very low ionic conductivities and high activation energies. 
However, they have the primary advantage of being relatively stable in air allowing for ease 
of fabrication. The best of the oxide materials appears to be those glasses with mixed formers 
such as SiO2 and B2O3 [47]. Glasses such as these have a room temperature conductivity on 
the order of ~10-7 S/cm. These materials might prove promising if produced into thin films. 
However, chemistries with a higher ionic conductivity are more desirable. Sulfide materials, 
discussed in more detail below, are of interest for this reason. Fig. (1.2) shows ionic 
conductivity plots comparing sulfide and oxide fast ion conducting glasses [48,49]. In terms 
of conductivity, it is clear that oxide glasses have significantly lower conductivities than their 
sulfide analogs. 
 
1.4.2.2.2 Oxy-nitride glasses 
The most commercially viable material in this category is the phosphorus oxy-nitride 
glass, called LiPON. This material was first discovered in the 1980s by Marchand[50], but its 
properties were not fully characterized until 1991 at Oak Ridge National Laboratory (ORNL) 
[51,52]. It was found that when a high purity lithium phosphate, Li3PO4, target was deposited 
in a nitrogen plasma using an RF magnetron sputtering technique, the resulting thin film with 
a typical composition of Li2.9PO3.3N0.36 contained 6 at % nitrogen. This additional nitrogen 
was found to enhance the room temperature ionic conductivity from ~10-8 S/cm in the 
starting Li3PO4 target to a value of ~10-6 S/cm. Furthermore, these films were found to be 
highly stable in contact with metallic lithium. It is believed that a thin passivating layer of 
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Li3N is formed between the lithium and electrolyte which prevents lithium dendrite growth 
but allows ion conduction. A look at the structure of the material further explained the 
improved properties of this material. The nitrogen was found to substitute for oxygen and 
form 2 and 3-coordinated nitrogen groups, effectively crosslinking the structure. These 
structural units can be seen in Fig. (1.3). This crosslinking is believed to decrease the 
electrostatic energy of the overall network, allowing for greater ion conduction. Thin film 
batteries comprised of Li-LiCoO2 cells and Li-LiMn2O4 cells have been fabricated using the 
LiPON electrolyte at ORNL and have proven highly successful [53,54]. These types of 
batteries are being commercialized and target for applications in implantable medical 
devices, CMOS-based integrated circuits, and RF identification tags for inventory control 
and anti-theft protection. 
 
1.4.2.2.3 Sulfide glasses 
Sulfide glasses were first reported on in the 1980s [55-57]. These glasses were based 
on SiS2, P2S5, and B2S3 and are doped with an alkali sulfide such as lithium sulfide. It was 
found that these materials have exceptional conductivities at room temperature, on the order of 10-3 
S/cm. This is attributed primarily to the larger ionic radius of sulfur and its high atomic 
polarizability. This is believed to create weaker covalent bonds between the sulfur and the 
lithium ions. As a result, the potential energy barrier that must be overcome is decreased, and 
lithium ion conduction is facilitated. Figure (1.2) shows the conductivities of some of the best 
compositions. Unfortunately, these glasses have not been widely used because they are 
highly reactive in air and corrosive with silica containers; an efficient glove box is also 
necessary to fabricate such glasses. 
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Thin films in the Li2S-GeS2-Ga2S3 glass system have recently been prepared using RF 
sputtering [58,59]. Successfully deposited films were produced using this method however 
the authors report that the ionic conductivities of the thin films were diminished compared to 
that of the starting target material. This was a result of the films being deficient in lithium 
and enriched in germanium from the XPS composition analysis performed on the films. 
 
1.4.2.2.4 Oxy-sulfide glasses 
Efforts to combine the advantage of oxide and sulfide glasses have resulted in the 
research of a class of oxy-sulfide materials [60]. It was found that adding a small amount, 
approximately 5 mole %, of different lithium metal oxides to a base sulfide glass, improved the 
conductivity to 10-3 S/cm [61]. Furthermore, the stability of the structure was observed to 
improve from thermal analysis results. Structural analysis of these materials has 
demonstrated that the oxygen typically occupies a bridging anion site, leaving sulfur at the 
non-bridging sites for lithium mobility. Some solid-state batteries have been fabricated using 
these oxy-sulfide compositions, and initial results appear to indicate good electrochemical 
stability [62,63]. 
 
1.4.2.3.5 Thio-nitride glasses 
Work has also been carried out on highly conductive thio-nitride glasses [64,65]. The 
motivation behind these materials comes from the fact that lithium nitride, Li3N, which has 
an impressive ionic conductivity (1.2 × 10-3 S/cm at room temperature [66]), but has poor 
electrochemical stablity in contact with lithium (decomposition voltage of 0.445 [67]). The 
base glass, x = 0, had a conductivity of 1.5 × 10-4 S/cm while small additions of Li3N, x = 3, 
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were found to increase the conductivity to a value of 1.5ⅹ10-3 S/cm. Furthermore, the 
glasses were found to have a high electrochemical stability in contact with a Li-In alloy, up 
to 10V.  
The second study reported results of mechanical milling powders in the xLi3N + (100-x)SiS2 
glass system. The conductivity in this system was found to exhibit a maximum value of 2.7 × 10-4 S/cm 
at x = 40. Structures of the materials were investigated using 29Si NMR. 
They report features characteristic of Si-N bonds in the material as well as a crystalline 
phase, LiSi2N4. Furthermore, it was reported that these materials had significant oxygen 
contamination due to initial contamination in the starting materials or to the alumina milling 
media used during the milling process used to prepare the materials.    
 
1.4.3 Review of thin film processing techniques 
There are many vapor deposition techniques that can be employed in order to produce 
thin film materials. These include simple heating of a source material, laser-induced 
vaporization, or bombarding the material with energetic ions. All of these techniques are 
performed under vacuum and rely on the kinetic theory of gases in order to understand their 
behavior. 
 
1.4.3.1 Pulsed laser deposition 
Pulsed laser deposition (PLD) involves using a laser beam to vaporize the surface of a 
target material [68]. One of the most common lasers used is the KrF excimer laser, operating 
at 248 nm with the following parameters: a pulse on the order of 25 ns, a power density of 
2.4 × 108 W/cm2, and a repetition rate of 50 Hz.[69] In general, the PLD process can be 
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divided into four stages. First, the laser beam is focused onto the target material. The 
elements in the target are rapidly heated to their evaporation temperature where there are 
sufficiently high flux densities over a short pulse duration. This ablation process involves 
many complex physical phenomena such as collisional, thermal and electronic excitation, 
exfoliation and hydrodynamics. Second, the ablated target elements move towards the 
substrate according to the laws of gas-dynamics. In the third stage, the high energy atoms 
bombard the substrate surface where a collision region is formed between the incident flow 
and the sputtered atoms. A film begins to grow after a thermalized region develops and when 
the condensation rate is higher than the rate of sputtered atoms. Finally, nucleation and 
growth of a thin film occurs on the substrate. This step depends on many factors such as the 
density, energy, ionization degree, and the temperature of the substrate. PLD has some 
advantage over other techniques in that many different materials can be deposited, the 
technique is conceptually simple, and deposition rates can be as high as 0.5 μm/min. [70].  
 
1.4.3.2 DC and RF sputtering 
Sputtering is a technique whereby energetic ions from a plasma are used to bombard a 
target (which is the cathode of the discharge), and ejecting atoms into the plasma. These 
atoms then impinge upon the substrate (the anode) and form a coating. Additionally, a 
magnet can be added to these two setups in order to enhance the deposition rates. In DC 
sputtering, a high-voltage DC source is used as the power supply. 
RF magnetron sputtering is a reliable technique used to deposit many different types 
of films, including electrically insulating samples. A high-voltage RF source at a frequency 
of typically 13.56 MHz is used to ionize a sputtering gas which produces the plasma. The 
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ionized gas then bombards the target where multiple collisions take place, releasing atoms of 
the target material into the plasma. These atoms condense upon the substrate which is placed 
in front of the target. A blocking capacitor is placed in the circuit and a matching network is 
used to optimize the power transfer. A permanent magnet is added to the sputtering gun in 
order to enhance the deposition rate. This is done by the trapping of electrons from a Hall 
effect near the target surface. This magnet creates lines of magnetic flux that are 
perpendicular to the electric field or parallel to the target surface. This static magnetic field 
retains secondary electrons in that region which drift in a cycloidal path on the target and 
increase the number of collisions that occur.  
RF magnetron sputtering was chosen for this particular application for a variety of 
reasons. First, DC sputtering of typical glass former materials is not possible because they are 
electrically insulating. Next, it is known that RF sputtering produces thin films that have a 
high density and are relatively smooth when compared with films produced from PLD 
processes. Additionally, RF deposition offers good compositional control so that the resulting 
thin films have compositions similar to that of the target material. 
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Figure 1.1 Schematic showing the components and operation of an electrochemical cell. 
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Figure 1.2 Ionic conductivity plots comparing sulfide and oxide fast ion conducting glasses. 
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Figure 1.3 Proposed structural units present in LIPON sputtered films. (a) two-coordinated 
bridging nitrogen unit and (b) three-coordinated nitrogen unit. 
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CHAPTER 2: EXPERIMENTAL PROCEDURES 
 
2.1 Preparation of germanium sulfide starting material 
Glassy GeS2 was prepared by reacting stoiometric amounts of germanium metal 
powder (Alfa, 99.999%) and sulfur (Alfa, 99.999%) in an evacuated silica tube at 900 °C. 
First, a bare silica tube was cleaned with a 2% aqueous ammonium bifluoride, NHFHF, 
solution. The tube was then fitted with a valve assembly and evacuated to 30 mtorr using a 
roughing pump. Surface moisture on the inside of the tube was removed by passing the tube 
over a propane gas/oxygen flame. Once this moisture was removed, the tube was transferred 
to the glovebox, where the appropriate amounts of Ge and S were placed into the tube. The 
tube was then sealed with a valve assembly and removed from the glovebox and evacuated 
with the roughing pump again to a pressure of ~30 mtorr. Following evacuation, the tube was 
sealed using a high-temperature gas oxygen torch.  
The sealed tube was then placed into a furnace held at an angle of 5° where it was 
slowly heated from room temperature to 900 °C at a rate of 1 °C/min. The tube was slowly 
rotated at about 7 rpm to promote full mixing and reaction of the components. 
After the tube was held at 900 °C for 16 hours, it was air quenched to room temperature. The 
air quenched GeS2 material inside the silica tube was put into the glovebox and silica tube 
was broken to remove the GeS2 glass product. The final product from this process was a 
homogeneous transparent yellow glasses. Fig. (2.1) shows the picture of the GeS2 glass 
material. 
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2.2 Target preparation 
Li4GeS4 powders were prepared using stoichiometric amounts of Li2S (Alfa, 99.9%) 
and the GeS2 prepared as described above. These powders were mechanically milled for ~15 
minutes in a steel container with one steel grinding ball in order to ensure good mixing and to 
start the reaction process. Batches of 3 to 4 grams were melted in a covered vitreous carbon 
crucible at 950 °C for 15 minutes inside a mullite tube lined muffle furnace attached 
hermetically to the side of the glove box. Fig. (2.2) shows the furnace system in the glovebox 
with an extension arm and graphite crucible used to melt the materials. The samples were 
then poured out of the crucible onto a brass plate and quenched to room temperature. Once 
enough material, ~15 grams, was prepared using the aforementioned method, the material 
was ground into a fine powder using a vibratory Spex mill for 15 minutes. Fifteen grams of 
the powder was weighed out and poured into a steel die set with a two-inch diameter. The die 
set was agitated so as to make the powder level as smooth as possible. Then, the top loading 
die was placed into the shaft and allowed to slowly settle on top of the powder. Fig. (2.3) 
shows the 2″ diameter stainless steel die set. This assembly was loaded into a plastic bag to 
prevent contamination (oxidation) during the consolidation process and taken outside the 
glovebox to be biaxially pressed. The sample was placed on a sheet of 1/4″ rubber between 
the press and the die and loaded under a 30,000 lb (~ 60,000 psi) load overnight. The next 
day, the target was removed carefully from the 2” die set. The final target was then adhered 
to the back of a 2” diameter 0.125” thick copper plate using silver paste so that it could be 
water-cooled during the deposition process to prevent overheating. Figure (2.4) shows 
picture of the 2” lithium thio-germanate target which was attached onto copper plate using 
silver paste. 
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2.3 Deposition equipment 
Fig. (2.5) shows a schematic of the specific deposition setup component (a) and the 
real system (b). It is comprised of a dry nitrogen glovebox with a series of two chambers (6” 
and an 8”) and two gate valves between these three components so that samples can be 
inserted and removed from the chambers. Inside both chambers, a track system was built and 
installed so that substrates can be introduced into the sputtering chamber via a sliding tray 
that is pulled and pushed with a magnetic loading arm. One chamber has a mechanical 
roughing pump to achieve low vacuum and a turbomolecular pump to achieve a high vacuum 
down to ~107 torr. The pressures were measured from a convectron gauge connected to the 
roughing pump, and with ionization gauges connected to the chambers. A commercially 
available sputtering gun (Kurt Lesker, Inc) was purchased and fitted onto the deposition 
chamber using a viton rubber gasket to allow quick installation and removal of new targets. 
 
2.4 Loading the target 
The attached target on copper plate was brought to the MRC (Microelectronic 
Research Center) lab glove box sputter system using a sample jar with air tight gasket to 
prevent atmospheric contamination. The sputtering gun was moved from the RF chamber and 
put inside the glove box. The chamber inside was cleansed by isopropanol alcohol and dried 
by heat gun to ensure a dry sputtering chamber. The target was attached on the sputtering gun 
in the glove box. The sputtering gun with the target was then brought outside and attached to 
the deposition equipment quickly just a few seconds of exposure to air. After the sputtering 
gun was attached, the roughing and turbo pumps were turned on to achieve a high vacuum, 
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~10-7 torr. The system was baked for ~1 day at 100 oC~200 oC in order to remove any 
moisture on the chamber walls.  
    
2.5 Deposition of the thin films 
Fig. (2.6) shows a picture of sputtering system with glovebox, control panel, RF 
generating system and Gas system. Pre-sputtering was performed for 30 min. on the target in 
order to clean the surface of the target of any impurities from the brief exposure to the 
atmosphere. 
Substrates were then introduced into the deposition chamber through the glovebox via 
a sliding track system. The substrates were shielded initially prevent thin film growth so that 
the target could be cleaned and the plasma could stabilize. Once the plasma was lit, the gas 
pressure was reduced to 30 mtorr and was allowed to stabilize for 15 minutes. After pre-
sputtering, the shield was withdrawn and deposition continued for ~4 hours to produce thin 
films. All films were produced with a power level of 50 W and a 25 mtorr dynamic pressure 
of Ar gas. In order to test the deposition equipment, a target of Li3PO4 was obtained 
commercially from SCI Engineered Materials, Inc.  
 
2.6 Thin film characterization 
2.6.1 Raman spectroscopy 
Raman spectroscopy is a nondestructive technique that is used to probe the local 
structure of a material. For this, it uses scattered radiation of sample from a laser beam. This 
scattered radiation comes from the energy transfer between the incident radiation and the 
scattering system. Two types of scattering can occur, Stokes and anti-Stokes. Stokes 
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scattering occurs when the system is placed into an excited state, the resulting scattered 
radiation is at a lower frequency that the incident radiation. In anti-Stokes scattering, an 
incident photon is destroyed while another photon is created simultaneously, which gives 
scattered radiation that has a higher frequency than the incident radiation. This can be 
represented mathematically represented as,  
                                                          eos ννν hhh ±=                           (2.1) 
where the subscripts s, o, and e refer to the scattered, incident, and excited radiation 
frequencies. Raman spectra were collected using a Renishaw inVia spectrometer using a 488 
nm line from an Ar ion laser with a power of 25 mW. The instrument was calibrated using an 
internal silicon standard with a peak centered at 520.4 cm-1.  
Cut single crystal silicon substrates (1 cm × 1 cm) were put into piranha solution 
(H2SO4 : H2O2 = 3 : 1) for 1 hour and ultrasonic cleaning was done with acetone for 20 min 
followed by ultrasonic cleaning with D.I water for 20 min. The samples were dried with N2 
gas. The samples were put in a drying oven (120 oC) overnight. 
The cleansed silicon substrates were loaded into a d.c. sputtering chamber in the 
glovebox and Ni adhesion layer of ~120 nm thickness was grown for 40 min. (3 nm/min) on 
the surface of the silicon substrates. The Ni/Si substrates then were loaded into the RF 
magnetron sputtering chamber to grow the thin film electrolytes. All samples were placed 
into holders which were covered with a transparent tape to prevent exposure to atmospheric 
moisture and oxygen. 
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2.6.2 Infrared spectroscopy 
Infrared spectroscopy is a non-destructive technique that uses IR (infrared 
spectroscopy) photons in order to examine the structural units present within a material. As 
photons of a specific frequency interact with a chemical bond, the photons are absorbed and 
the bond is vibrationally. The frequency required to vibrationally excite a specific chemical 
bond is a function of the interatomic potential energy well of that chemical bond. It should be 
noted that IR and Raman spectroscopy techniques are complimentary in that some vibration 
modes that are IR-inactive are Raman-active, and vice versa. Infrared spectra were obtained 
using a Bruker IFS-66 spectrometer.  
Approximately 300 mg CsI powder was weighed and the powder put into 13 mm 
diameter stainless steel die-set. The pressure was loaded up to 20,000 pounds. The pressed 
CsI sample is 13 mm in diameter and 0.6 mm thick. The CsI pellets put into a sample jar and 
the sample jar was sealed to prevent reaction with moisture and air. The sealed sample jar 
was moved to the glovebox which is connected to the RF sputtering chamber. The CsI pellet 
was loaded into the RF magnetron sputtering chamber to grow the thin film electrolytes 
directly on the CsI pellet. The sputtered thin films on CsI pellet were then inserted into the IR 
chamber and measured under vacuum in transmission. 
 
2.6.3 X-ray photoelectron spectroscopy  
X-ray photoelectron spectroscopy (XPS) is a destructive chemical surface analysis 
technique. XPS uses a high-energy, nearly monochromatic beam of x-rays that are focused 
onto the sample. These x-rays are capable of liberating photoelectrons with unique energies 
from the material. The difference between the incident beam energy and the photoelectron 
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energy is the binding energy of the electron. Since the photoelectron energies are unique and 
based on their electronic environments, information about the chemical bonding of the 
elements can be determined. Furthermore, XPS is useful in quantitatively analyzing the 
composition of a sample. 
X-ray photoelectron core level spectra were obtained using a Scienta ESCA-300 
spectrometer with monochromatic Al-Ka (1486.6 eV). Photoelectron spectra were 
characterized at a take-off angle of 45o. The pressure inside the chamber was ~5 × 10-10 torr 
at room temperature. Shirley backgrounds were subtracted for each element. XPS was 
performed on the standard materials, LiF, Li2SO4 and GeO2, to calibrate the sensitivity 
factors of the each element. The starting materials GeS2 glass and Li2S crystalline powder 
were characterized by XPS to verify the amount bridging sulfur and non-bridging sulfur as 
well as how contaminated the starting materials were. XPS was performed on the target 
materials, Li2GeS3, Li4GeS4 and Li6GeS5, and films sputtered by these target materials in Ar 
atmosphere, in order to determine the composition as well as the nature of the bonding for 
each element. The samples were introduced into the XPS chamber through a glove box that 
had been purged and refilled three times with dry nitrogen gas before opening the sample 
container. The target material, in a compacted powder pellet, was fractured and scraped in 
the glove box before introducing it into the XPS chamber so as to provide a fresh, nearly 
uncontaminated surface. Particularly, in the case of thin films, after the thin film was 
sputtered on the Ni/Si substrate the thin film samples were moved directly and quickly into 
the XPS chamber to minimize contamination by oxygen and moisture in the glove box. 
Survey scans were performed on all samples to confirm the elements present in the sample. 
Next, scans on each of the specific elements (Li, Ge, S, C and O) were performed in order to 
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acquire high resolution spectra. In order to get more accurate compositional data, Ar etching 
for ~1 min. and 5 min. at 1 nm/1 min. etching rate was conducted to remove the 
contaminated surface. The XPS signals were analyzed using a peak synthesis program in 
which a non-linear background is assumed. In the case of the S2p doublets, curve fits were 
obtained using fixed amplitude ratios (S2p3/2-S2p1/2). From the S2p core peaks, the ratio of 
the non-bridging sulfur (NBS) and bridging sulfur (BS) were determined.     
 
2.6.4 Impedance spectroscopy 
Measurements were performed on Au deposited targets and thin films at temperatures 
from -25 oC to 100 oC with 25 oC increments and from 0.1 Hz to 10 MHz using a 
Novocontrol Technologies impedance spectrometer. The ionic conductivities of the Li2GeS3, 
Li4GeS4 and Li6GeS5 target materials and thin films in Ar atmosphere were characterized. 
Because the Lithium thio-germanate materials are sensitive to moisture and air, the thin film 
samples were put into specialized air tight sample container.  
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Figure 2.1 Picture of the GeS2 glass material.   
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Figure 2.2 Picture of the furnace system in the glovebox with extension arm and graphite 
crucible used to melt the materials.   
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Figure 2.3 Picture of the 2″ diameter stainless steel die set.   
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Figure 2.4 Picture of a 2″ lithium thio-germanate target which was attached onto a copper 
plate using silver paste.   
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Figure 2.5 Schematic of sputtering system showing the principal components (a) and the real 
system (b).  
(a) 
(b) 
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Figure 2.6 Picture of sputtering system with glovebox, control panel, RF generating system 
and Gas system.  
39 
CHAPTER 3: STRUCTURAL PROPERTIES OF LITHIUM THIO-GERMANATE 
THIN FILM ELECTROLYTES GROWN BY RF SPUTTERING 
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Department of Materials Science and Engineering, Iowa State University,  
2220 Hoover Hall, Ames, Iowa 50011, USA 
 
3.1 Abstract 
In this study, lithium thio-germanate thin-film electrolytes for lithium rechargeable 
batteries have been successfully prepared by radio-frequency (RF) magnetron sputtering 
deposition in Ar gas atmospheres. The targets for RF sputtering were prepared by milling and 
pressing the appropriate amounts of the starting materials powder in the nLi2S + GeS2 (n = 1, 
2, and 3) binary system. Approximately 1 μm thin-film electrolytes were grown on Ni/Si 
substrates and pressed CsI pellets using 50 W power and 25 mtorr Ar gas pressures to 
prepare samples for Raman and Infrared spectroscopy, respectively. In order to improve the 
adhesion between the silicon substrate and thin film electrolyte, a sputtered Ni layer (~120 
nm) was used. The surface morphologies and thickness of the thin films were conducted by 
FE-SEM. The structural properties of the starting materials, target materials, and the grown 
thin films were examined by x-ray diffraction (XRD), Raman spectroscopy and infrared 
spectroscopy (IR).  
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3.2 Introduction 
One of the important challenges facing human life is renewable energy generation, 
conversion, storage, and distribution and need to be connected with the development of many 
important technologies such as portable electronics, transportation and communications.  
The environmental issues and economical aspects related to the development and use 
of electrical batteries are significant. Air pollution and the explosive growth in the use of 
limited natural sources are major concerns. The enormous growth of in the demand of energy 
sources over the past decades has generated a large need for high energy density portable 
energy sources[1,2]. As power requirements become more demanding, batteries are also 
expected to provide higher energy densities. Lithium-based batteries have begun to fill this 
need due to their use of lithium as an attractive anode material. Lithium is very lightweight 
and has a high electrochemical equivalency so that lithium represents a high ionic conductive 
potential. Rechargeable lithium batteries are attractive for numerous reasons: high voltages, 
high energy densities, wide operating temperature ranges, good power density, flat discharge 
characteristics, and excellent shelf life.  
Around ten years ago, lithium batteries based upon lithium metal anodes in contact with 
liquid electrolytes failed because of serious safety issues[3]. Lithium metal tends to form 
dendrites during charging and discharging due to a reaction between lithium metal and liquid 
electrolytes[4]. In addition, as the increasing tendency of all advanced technologies is toward 
miniaturization the future development of batteries is aiming at smaller dimensions with 
higher power. The development of technologies and miniaturization in the microelectronic 
industry has reduced the power and current requirements of electronic devices. Therefore, 
thin film batteries are new of interest in small power electronics such as smart cards and 
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other CMOS-based integrated circuit applications[5,6] as well as the solid state batteries have 
high potential application in high power fields such as electric/hybrid vehicles and 
capacitors[7,8]. In addition, thin film batteries show low temperature dependence and able to 
resolve the safety issues[9,10]. It is being widely recognized that all-solid-state energy devices 
can be promising for improving the safety and reliability of lithium batteries.  
Although thin-film batteries have a lot of advantages over competitive batteries, to succeed 
in being applied commercially, solid electrolytes with improved ionic conductivity are 
required. Thin film batteries have been studied for many years and recently, LiPON (lithium 
phosphorous oxy-nitride) thin film batteries as solid state batteries have become commercial 
products[11,12] because LiPON thin films show good stability in contact with lithium and 
has high cyclability[13,14]. LiPON thin films are one of the promising materials based on its 
many advantages. However, this easily prepared material still has a relatively low ionic 
conductivity of ~10-6 (S/cm) at 25 oC as compared to other materials such as sulfides which 
are in the range of 10-3 (S/cm) at 25 oC[15-17].  
 Lithium containing thio-materials show higher ionic conductivity than corresponding 
oxide materials and as a result much research is being performed to use the thio-materials as 
solid electrolytes[18]. However, sulfide materials are very hygroscopic and must be protected 
from reaction with air so that most studies have been conducted in a glove box. Recently, 
sulfide materials have been investigated such as SiS2[19,20], GeS2[21,22], P2S5[23] and 
B2S3[24]. Although a lot of research has been done on ion-conducting sulfide bulk glasses 
prepared by melt quenching, only a few studies of thin film sulfides have been 
reported[25,26] because of the difficulty in preparing them. Several thin film techniques such 
as PLD[27], RF sputtering[28], e-beam evaporator[29] and PVD[30] have been used to 
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produce thin films. Among these techniques, sputtering techniques have been shown to 
produce high quality thin films.  
In a previous study[31], sulfide thin films showed that the films tended to be oxidized 
during sputtering which might occur due to air leakage of the RF chamber or high oxygen 
levels in the glove box. Another study reported that Li deficiency occurred in the thin films 
after sputtering compared to that of the target material[32]. Because sulfide thin films are 
sensitive to moisture and air, it is difficult to characterize the structure, surface morphology 
and electrochemical properties.  
In this research, among the many sulfide materials, this study uses GeS2 as base 
material because it is less hygroscopic and GeS2 enables a more electrochemically stable 
system to be made. Ribes et al. reported[33] on the Li2S-GeS2 bulk glass system for the first 
time, but detailed characterizations of the thin films have not been made.    
The starting materials, GeS2 and Li2S, and target materials, the Li2GeS3, Li4GeS4 and 
Li6GeS5, were characterized by X-ray diffraction to verify contamination and how 
amorphous the materials were. Further structural characterization of the starting materials, 
target materials and their thin films sputtered by RF sputtering in Ar atmosphere were 
characterized by Raman and IR spectroscopy to verify purity, contamination and how 
consistent are the structures between targets and their thin films. In addition, the surface 
morphology and thickness of the thin films were characterized by FE-SEM.   
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3.3 Experimental methods 
3.3.1 GeS2 preparation as a starting material 
Glassy GeS2 was prepared by reacting stoiometric amounts of germanium metal 
powder (Alfa, 99.999%) and sulfur (Alfa, 99.999%) in an evacuated silica tube at 900 °C. 
First, a bare silica tube was cleaned with a 2% aqueous ammonium bifluoride, NHFHF, 
solution. The tube was then fitted with a valve assembly and evacuated to 30 mtorr using a 
roughing pump. Surface moisture on the inside of the tube was removed by passing the tube 
over a propane gas/oxygen flame. Once this moisture was removed, the tube was transferred 
to the glovebox, where the appropriate amounts of Ge and S were placed into the tube. The 
tube was then sealed with a valve assembly and removed from the glovebox and evacuated 
with the roughing pump again to a pressure of ~30 mtorr. Following evacuation, the tube was 
sealed using a high-temperature gas oxygen torch.  
The sealed tube was then placed into a furnace held at an angle of 5° where it was 
slowly heated from room temperature to 900 °C at a rate of 1 °C/min. The tube was slowly 
rotated at about 7 rpm to promote full mixing and reaction of the components. 
After the tube was held at 900 °C for 16 hours, it was air quenched to room temperature. The 
air quenched GeS2 material inside the silica tube was put into the glovebox and silica tube 
was broken to remove the GeS2 glass product. The final product from this process was a 
homogeneous transparent yellow glass.  
 
3.3.2 Preparation of target material 
Li2GeS3,  Li4GeS4 and Li4GeS4 powders were prepared using stoichiometric amounts 
of Li2S (Sigma-Aldrich, 99 %) and GeS2 as prepared above. These powders were 
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mechanically milled for 15 minutes in a steel container with one steel grinding ball to ensure 
good mixing and to start the reaction process. Batches of 3 to 4 grams were melted in a 
covered vitreous carbon crucible at 950 °C for 15 minutes inside a mullite tube lined muffle 
furnace attached hermetically to the side of a glovebox.  
The melted charges were slow cooled to room temperature in the furnace and in 
some cases were also poured out of the crucible onto a brass plate and allowed to cool. Once 
enough material, ~15 grams, was prepared using the aforementioned method, the material 
was ground into a fine powder using a vibratory spex milling process for 15 minutes. Fifteen 
grams of the powder was weighed out and poured into a steel die set with a 2″ diameter. The 
die set was agitated so as to make the powder level and as smooth as possible. The top press 
was placed into the shaft and allowed to settle on top of the powder. This assembly was 
loaded into a plastic bag, to prevent contamination (oxidation) during the consolidation 
process, and taken outside the glovebox to be biaxially pressed. The sample was placed on a 
sheet of 1/4″ rubber between the press and the die set, loaded under a 30,000 lb (9600 psi) 
load overnight. 
The target was then adhered to the back of a 2″ diameter, 0.125″ thick copper plate 
using silver paste so that it may be sufficiently water-cooled during the deposition process to 
prevent overheating. Fig. (3.1) shows picture of 2″ diameter, 0.165″ thick target which was 
attached onto copper plate using silver paste. 
 
3.3.3 Preparation of Ni/Si substrates for Raman characterization 
Cut single crystal silicon substrates (1 cm × 1 cm) were put into piranha solution 
(H2SO4 : H2O2 = 3 : 1) for 1 hour and ultrasonic cleaning was done with acetone for 20 min 
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followed by ultrasonic cleaning with D.I water for 20 min. The samples were dried with N2 
gas. The samples were put in a drying oven (120 oC) overnight. 
The cleansed silicon substrates were loaded into a d.c. sputtering chamber in the 
glovebox and Ni adhesion layer of ~120 nm thickness was grown for 40 min. (3 nm/min) on 
the surface of the silicon substrates. The Ni/Si substrates then were loaded into the RF 
magnetron sputtering chamber to grow the thin film electrolytes. 
 
3.3.4. Preparation of CsI pellet substrates for IR characterization. 
Approximately 300 mg CsI powder was weighed and the powder put into 13 mm 
diameter stainless steel die-set. The pressure was loaded up to 20,000 pounds. The pressed 
CsI sample is 13 mm in diameter and 0.6 mm thick. The CsI pellets put into a sample jar and 
the sample jar was sealed to prevent reaction with moisture and air. The sealed sample jar 
was moved to the glovebox which is connected to the RF sputtering chamber. The CsI pellet 
was loaded into the RF magnetron sputtering chamber to grow the thin film electrolytes.  
 
3.3.5. Deposition of the thin films 
In order to produce the desired thin films, the target assembly was attached to the 
sputtering gun inside the glove box. The sputtering gun was then removed from the glovebox 
and quickly attached to the deposition chamber to minimize oxidation of the target after 
which the deposition chamber was evacuated to 7×10-8 torr. Additionally, the deposition 
chamber was heated for two days using tape heaters so as to drive off any remaining water in 
the system. Substrates were then introduced into the deposition chamber through the 
glovebox via a sliding track system.  
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The chamber was with filled high purity Ar gas (99.9999%) to ~100 mtorr and the 
plasma was lit by turning on the RF power to the target. Pre-sputtering was performed for 30 
min. on the target with the substrate shielded in order to clean the surface of the target of any 
impurities from the brief exposure to the atmosphere.      
After pre-sputtering, the shield was withdrawn and deposition continued to produce 
thin films. All films were produced with a power level of 50 W and a 25 mtorr dynamic 
pressure of the Argon sputtering gas and ~4 hours. The plasma shape of sputtering to grow 
thin films in Ar atmosphere was shown in Fig. (3.2). The thin films were sputtered from 
bottom target to substrates. 
 
3.3.6 X-ray diffraction 
To verify the starting phase of the GeS2 glass powder, Li2S crystalline powder and 
target materials, the powder x-ray diffraction data on finely ground samples were collected at 
room temperature on a Scintag XDS 2000 diffractometer using CuKa radiation (λ=1.5406 Å). 
It was operated at 40 KV and 30 mA in the 2θ range of 30o – 80o in continuous scan mode 
with step size 0.03o and scan rate 2.0 (deg/min). Because the GeS2 glass powder, Li2S 
crystalline powder and target materials are unstable in air, the powder materials on the 
sample holder were covered by prolene perforated thin film to prevent air contamination.   
 
3.3.7 Raman spectroscopy 
The Raman spectra were collected at room temperature with a Renishaw inVia 
spectrometer using the 488 nm line of the Ar+ laser with 50 mW of power. The instrument 
was calibrated using an internal silicon reference and the bands were reproducible to within 
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±1 cm-1. The samples were placed into a small cup-like plastic sample holder and then 
covered with clear amorphous tape to prevent air contamination. It was found by using the 
confocal feature of the Raman microscope that good quality spectra could be obtained by 
focusing through the tape and directly on the Li2S, GeS2, targets, and the evaporated films. 
Multiple spots were checked to ensure the homogeneity of the sample. 
 
3.3.8 Infrared spectroscopy 
The mid- and far-infrared absorption spectra were recorded in the range of 4000 to 
400 cm-1 and 750 to 150 cm-1, respectively, with the use of a Bruker IFS 66 V/s spectrometer. 
The IR spectra of the starting materials (GeS2 and Li2S) and target materials were taken on 
pressed CsI pellets. Approximately 2 mg of each sample was ground with 100 mg of CsI into 
a fine powder and pressed into pellets for transmission. The IR spectra typically were 
obtained using 32 scans at 4 cm-1 resolution. For the Li2GeS3, Li4GeS4 and Li6GeS5 thin 
films grown in an Ar atmosphere, the IR measurements were taken on thin films grown on 
CsI pellet substrates which are 13 mm in diameter and ~0.6 mm thick.  
 
3.4 Results and discussion 
3.4.1 X-ray diffraction data of the starting and target materials 
To verify the phase purity, x-ray diffraction data of GeS2 glass powder, Li2S 
crystalline powder, and the JCPDS data of Li2S material are shown in Fig. (3.3). While GeS2 
glass powder does not show peaks, Li2S powder shows several sharp peaks. To verify the 
purity of the Li2S powder material, x-ray data of the Li2S data were compared to the JCPDS 
x-ray data[34]. As shown in Fig. (3.3), the x-ray diffraction pattern of the Li2S powder 
48 
closely matches the JCPDS data. From JCPDS data, the Li2S structure can be determined that 
the system and space group of Li2S powder are face-centered cubic and Fm3m, respectively. 
    After making the targets, the Li2GeS3, Li4GeS4 and Li6GeS5 target materials were 
characterized by XRD and the data were shown in Fig. (3.4). The Li2GeS3 target shows an 
amorphous pattern without any dominant peak because the Li2GeS3 target was composed of 
50% amounts of the glass former GeS2 in the system. The XRD patterns of the Li4GeS4 and 
Li6GeS5 targets show sharp peaks because the Li4GeS4 and Li6GeS5 targets contain 33% 
GeS2 and 25% GeS2 glass which are less than that of Li2GeS3 target. The X-ray pattern of the 
Li6GeS5 target appears more complex and contains peaks with higher intensities than those of 
Li4GeS4 target. The Li6GeS5 target contains higher Li2S content so that the Li6GeS5 target 
shows more crystalline properties than the Li4GeS4 target. Fig. (3.5) shows X-ray diffraction 
data of the experimental Li4GeS4 target material which was quenched on a brass plate in the 
glovebox and reference data[35] of Li4GeS4 to compare how well match the spectra. The X-
ray data of the experimental Li4GeS4 target show slightly broader peaks than those of 
reference data[34]. The reason is that although the Li4GeS4 target contains 33% amounts of 
GeS2 glass former and was quenched quickly on brass a plate. However, the XRD pattern of 
the Li4GeS4 target material appears to closely match the reported reference pattern. Masahiro 
et al. reported that the structure of this material, Li4GeS4, is related to that of γ-Li3PO4[36] 
and is comprised of hexagonal close-packed sulfide ions with germanium ions distributed 
over the tetrahedral sites. In this structure, the Li+ ions are located in both octahedral and 
tetrahedral sites.  
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3.4.2 Surface morphologies and thickness of the thin film 
Fig. (3.6) shows the surface morphology of the thin films produced in an Ar 
atmosphere. The thin film surface is mirror-like without any defects or cracks. This  suggests 
that the thin-film electrolytes are homogeneous and have a flat surface morphology. The 
smooth surface enables the thin films to decrease the contact resistance between thin film and 
the electrodes. Furthermore, in order to verify the sputtering rate, the thin films were 
measured in the cross-section direction by FE-SEM as shown in Fig. (3.7). The Ni adhesion 
layer (~120 nm) is used to improve the adhesive between Si wafer and thin-film. The Ni 
adhesion layer is very useful for Raman spectroscopy. In particular, when one characterizes 
the films using micro-Raman spectroscopy, the silicon dominant peak, ~520 cm-1, appears in 
Raman spectra unless a Ni adhesion layer is used. Therefore, the Ni adhesion layer also acted 
to prevent the appearance of the peak from the silicon substrate. Furthermore, Ni is 
chemically stable in contact with the Lithium thio-germanate thin film electrolytes. The 
sputtering power and pressure of 50 W and 25 mtorr were used, respectively and the total 
thickness of the thin film after two hours of sputtering is ~1.3 μm which gives a sputtering 
rate of ~5 nm/minutes.                      
    
3.4.3 Raman spectroscopy 
Starting materials, GeS2 and Li2S, were characterized by Raman spectroscopy in 
order to analyze their purity and to determine the structure of all the materials. The Raman 
spectra of the starting materials are shown in Fig. (3.8). As shown in Fig. (3.8), Raman 
spectrum of GeS2, the strong main peak appears at ~340 cm-1 which agrees well with that of 
literature[37] and is assigned to the symmetric stretching of the GeS4 tetrahedra. The Raman 
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spectrum of Li2S crystalline compound powder shows a single strong peak at ~375 cm-1 
which presumably arises from the Li+-S− stretching modes. The spectrum of the Li2S powder 
is sharper than that of GeS2 glass because Li2S powder is crystalline while the GeS2 powder 
is glassy. 
The Raman spectra of the Li2GeS3, Li4GeS4 and Li6GeS5 targets are shown in Fig. 
(3.9). In the spectrum of the Li2GeS3 target, there are three dominant peaks which are 340, 
375 and 415 cm-1 wavenumber. The peak at 340 cm-1 is coincident with GeS2 main peak 
wavenumber and the peak at 340 cm-1 is assigned to bridging sulfur (Ge-S-Ge bonding, BS). 
The peak at 375 cm-1 is assigned to Li+-S- ionic bonding and the peaks at 415 cm-1  are 
assigned to non-bridging sulfur (NBS) Ge-S- ionic bonding. While there are three peaks in 
the Li2GeS3 target spectrum, the Raman spectra of the Li4GeS4 and Li6GeS5 targets show only 
one dominant peak position at 375 cm-1. The strong main Raman peak in the both Li4GeS4 
and Li6GeS5 target materials appears  at ~375 cm-1 which is at the same peak position of 
Li2S. This indicates that ~375 cm-1 peak in both of the target materials was related to that of 
Li2S component.  
After sputtering to make thin films, the Li2GeS3, Li4GeS4 and Li6GeS5 thin films were 
also characterized by Raman spectroscopy and the spectra of the thin films are shown in Fig 
(3.10). The Raman spectra of the lithium thio-germanate thin-films grown in Ar atmosphere 
have not been reported in open literature. The Raman spectrum of a Li2GeS3 thin-film grown 
in Ar atmospheres shows three dominant peaks at 340, 375, and 415 cm-1. The peak at 340 
cm-1 is coincident with GeS2 main peak position and the peak at 340 cm-1 is assigned to BS 
(Ge-S-Ge bonding). Among the three peaks, the peak at 340 cm-1 reveals the highest intensity 
and the peak at 375 cm-1 appears with a lower intensity than the 340 cm-1 peak. The spectrum 
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of the Li4GeS4 thin film shows three peaks at 340, 375 and 415 cm-1 like spectrum of the 
Li2GeS3 thin film and another peak of broader and lower intensity at 460 cm-1. The intensity 
of peaks at 375 and 415 cm-1 are increased compared to those of Li2GeS3 thin film. This 
means that the Li2S content in the thin film is increased as the Li2S content increased in the 
Li4GeS4 compared to Li2GeS3 target so that it can be said that the Li2S content is consistent 
with that of the target materials.  
The Li6GeS5 thin films were produced by using a Li6GeS5 target which has even 
higher Li2S content compared to the other two targets so that the Li6GeS5 thin film shows 
only one dominant peak at 375 cm-1 which is assigned to the Li2S peak. This fact indicates 
that Li6GeS5 thin films contain the highest Li2S content compared to the other two thin films. 
There are three low intensity peaks assigned to 340, 415 and 460 cm-1. As already mentioned 
above, the peak at 340 cm-1 is assigned to the bridging sulfur (Ge-S-Ge bonding) and 415 and 
460 cm-1 are assigned to NBS (Ge-S-) ionic bonding. The Raman spectra of all the thin-films 
do not show sharp peaks but rather broad peaks compared to those of crystalline targets. This 
suggests that although the target materials represent a crystalline material, the films are 
amorphous in nature. As Li2S content is increased in the targets, the Li2S content in the thin 
film is also increased. It can be concluded that although previous reported literature showed 
Li2S deficiency in the thin films after sputtering compared to that of target[32], the results of 
the thin films in this study are consistent with target contents.    
 
3.4.4 Infrared spectroscopy 
To further characterize the starting materials, GeS2 glass powder and Li2S crystalline 
powder, Li2GeS3, Li4GeS4 and Li6GeS4 targets and their thin films were characterized by 
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Infrared spectroscopy. Attention is focused on both the far-IR region (700 to 100 cm-1) in 
order to evaluate the nature of the GeS2, Li2S and Li4GeS4 materials, as well as the mid-IR 
region (4000 to 400 cm-1) in order to determine how these materials might be contaminated 
by oxygen and moisture. The IR spectra of the starting materials, GeS2 and Li2S, were shown 
in Fig. (3.11). While the IR peak at 370 cm-1 of the GeS2 glass powder was assigned to 
bridging sulfur S, ν(Ge-S-Ge), the IR spectrum of Li2S exhibits only one main peak at ~345 
cm-1 which arises from the ionic bonding of Li+-S−. In addition, moisture rotation modes are 
assigned to the ~1500 cm-1 peak however, in the IR spectra of the starting materials there is 
no peak at ~ 1500 cm-1 so that it can be assumed that two starting materials were not 
contaminated by moisture. The Li2GeS3, Li4GeS4 and Li6GeS4 target materials were 
characterized by IR spectroscopy and the IR spectra are shown in Fig. (3.12). The IR spectra 
of three target materials show similar patterns. The IR spectra are  show dominant peaks at 
355 cm-1 and 415 cm-1 and a low intensity peak at ~750 cm-1. IR peak at 355 cm-1 is assigned 
to bridging sulfur S, ν(Ge-S-Ge) and the 415 cm-1 peak is assigned to the ionic bonding of 
Li+-S−. In addition, one low intensity peak related to ν(Ge-O-Ge) appears at ~750 cm-1. It can 
be assumed that the reaction of gemanium-oxygen might occur when the target materials 
were melted at high temperatures in the glove box because the oxygen content of several 
ppm levels exists in the glove box.  
To the best of our knowledge, the IR spectra of the thio-germanate thin-film 
electrolytes have not been reported in the open literature. In this research, in order to 
characterize the thin films by IR spectroscopy, the CsI pellets that were 0.6 mm thick and 13 
mm in diameter were used for an IR transparent background. 
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The Li2GeS3, Li4GeS4 and Li6GeS5 thin films were grown directly on the CsI pellet and 
the IR spectra were then collected in transmission. The IR spectra of the Li2GeS3, Li4GeS4 and 
Li6GeS5 thin films were shown in Fig. (3.13). The intense peak at ~360 cm-1 is assigned to a 
germanium tetrahedron unit with bridging sulfurs[38] and decreased in intensity with added 
Li2S. A new band appears at 445 cm-1 as a result of the formation of non-bridging sulfurs. This 
NBS band was reported at ~450 cm-1 in the IR spectra of binary xNaS + (1-x)GeS2 glasses [39]. 
The NBS band at 445 cm-1 diminishes as another NBS band at 415 cm-1 grows stronger with 
further additions of Li2S, and this suggests that the number of NBS per Ge increases with the 
addition of Li2S. 
 
3.5 Conclusions 
Lithium thio-germanate materials are sensitive to moisture and air. However, in this 
study the experiments were done with care to prevent contamination so that the experiments 
successfully were done. An RF Magnetron sputtering system has been constructed and 
coupled to a nitrogen glovebox so that moisture-sensitive films can be deposited without 
contamination. The starting materials, GeS2 and Li2S, and three kinds of target materials 
were characterized by X-ray diffraction to verify their purity, and how amorphous and 
crystalline the materials are. SEM surface morphology of the thin films shows a mirror-like 
surface without cracks or pits so that it can be assumed that the smooth surface enables the 
thin films to improve the contact resistance between the thin films and the electrodes.   
The starting materials, target materials and their thin films were characterized by Raman 
and IR spectroscopy. The Li2S content of thin films increased with Li2S addition in the target 
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materials. It suggests that the thin films did not show Li deficiency after sputtering and the 
sputtering condition was optimized.  
By successfully making thin films of a high quality it can be concluded that the 
lithium thio-germanate thin film electrolytes are very promising for solid state thin film 
batteries.  
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Figure 3.1. Picture of 2″ lithium thio-germanate target which was attached onto the brass 
plate using silver paste.  
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Figure 3.2 Picture of the plasma used to sputter thin films in Ar atmosphere. The sputtering 
was performed from bottom (target) to up (substrate). 
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Figure 3.3 X-ray diffraction data of starting materials, GeS2 glass (a) and Li2S crystalline 
powder (b), and JCPDS data of Li2S (c).    
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Figure 3.4 X-ray diffraction data of the (a) Li2GeS3, (b) Li2GeS3 and (c) Li2GeS3 target 
materials which were quenched on the brass plate in the glove box. 
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Figure 3.5 X-ray diffraction data of the Li4GeS4 target material (a) and reference data of 
Li4GeS4 (b). 
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Figure 3.6 Surface morphology of the Li4GeS4 thin films grown in Ar atmosphere. 
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Figure 3.7 Cross-sectional view of the Li4GeS4 thin film grown in Ar atmosphere. 
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Figure 3.8 Raman spectra of the (a) Li2S crystalline powder and (b) GeS2 glass powder. 
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Figure 3.9 Raman spectra of the (a) Li6GeS5, (b) Li4GeS4 and (c) Li2GeS3 target materials. 
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Figure 3.10 Raman spectra of the Li2GeS3, Li4GeS4 and Li6GeS5 thin films in Ar atmosphere 
on Ni/Si substrate. 
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Figure 3.11 Infrared spectra of the GeS2 glass powder and Li2S crystalline powder as starting 
materials. 
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Figure 3.12 Infrared spectra of the Li2GeS3, Li4GeS4 and Li6GeS5 target materials. 
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Figure 3.13 Infrared spectra of the Li2GeS3, Li4GeS4 and Li6GeS5 thin films in Ar 
atmosphere on a CsI pellet. 
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4.1 Abstract 
In this study, compositional data and structural investigation of thin film thio-
germanates materials was performed by means of x-ray photoelectron spectroscopy. To 
verify the compositional sensitivity factors of the component, standard materials of known 
composition were used to calibrate the sensitivity factors. Before the investigation of target 
materials, the starting materials, GeS2 glass and Li2S powder, were characterized by XPS. 
Targets for RF sputtering were prepared by milling and pressing appropriate amounts of the 
starting materials in the nLi2S + GeS2 (n = 1, 2, and 3) binary system. The three kinds of the 
target materials were characterized by XPS for compositional analysis. In order to improve 
the adhesion between the silicon substrate and thin film electrolyte, a Ni layer (~120 nm) was 
used. Approximately 1 μm thin-film electrolytes were grown on Ni/Si substrates with 50 W 
power and 25 mtorr in Ar gas atmosphere. The thin films sputtered by the Li2GeS3, Li4GeS4 
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and Li6GeS5 targets were characterized by XPS to verify how different compositions between 
targets and their thin films were.  
The raw materials were measured by XPS to determine their compositions and Ar 
etchings for 1 min. and 5 min. were performed at 1 nm/1 min. etching rate to remove 
contamination on the surface. From the XPS compositional data as Li2S content increased in 
the target materials, the Li2S content in the thin film increased. Furthermore, after Ar etching 
treatment, the compositional values of the C and O components decreased. The 
compositional data from XPS of the targets and the thin films closely matched.       
In addition, the Sp2 core peaks of the GeS2 glass, Li2S, target materials and the thin 
films were investigated to determine how much non-bridging sulfur (NBS) and bridging 
sulfur (BS) are in the materials.     
 
4.2 Introduction 
During the past decades, the renewable energy generation, conversion, storage, and 
distribution have been of interest due to a demand of miniaturized energy sources in the 
fields of portable electronics[1], transportation[2], and medical devices[3].  
The environmental issues and economical concerns have been increased significantly 
due to air pollution and limited natural resources. For these reasons, the requirement of the 
next generation electrical power increased. Lithium-based batteries have begun to meet these 
requirements due to the use of lithium as an attractive anode material. Rechargeable lithium 
batteries have many advantages such as high energy densities, excellent shelf life and good 
discharge properties so that rechargeable lithium batteries are very attractive.  
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 Recently, the lithium based thin film batteries are of new interest in small power 
electronics such as smart cards[4] and capacitors[5]. In addition, the thin film batteries have 
high potential applications in high power fields such as electric/hybrid vehicles[6] and 
capacitors[7]. The thin film batteries show low temperature dependence and are able to 
address the safety issues[8,9] because of the application of non-aqueous electrolytes.  
Until now, lithium phosphorous oxy-nitride (LiPON) thin film batteries have become 
standard products[10,11] because LiPON shows good stability, high cyclability, and easy 
manageability[12 ,13 ]. However, this easily prepared material has a relatively low ionic 
conductivity of ~10-6 (S/cm) at 25 oC so that bulk sulfide materials have been the subject of 
intense study and application due to their higher ionic conductivities in the range of 
~10-3 (S/cm) at 25 oC[14-16]. 
For these reasons, sulfide materials have attractive attention for electrochemical 
applications. A lot of research groups have been investigated sulfide bulk glasses[17-22]. 
However, only a few sulfide thin films have been reported[23,24] because of the difficulty in 
preparing them.   
Previous sulfide thin films reported in the literature show that the film tended to be 
oxidized during sputtering if there is leakage of the RF chamber or exposure to air in 
relatively high oxygen levels[25]. In addition, unless the sputtering condition was optimized, 
the thin films showed Li deficiency[25]. Although sulfide films have high potential in thin 
film batteries, sulfide thin films have significant difficulty in preparation and characterization 
so that a few papers have been reported.   
In this research, in order to investigate intensively, lithium thio-germanate materials 
were characterized by x-ray photoelectron spectroscopy. X-ray photoelectron spectroscopy 
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(XPS) is one of the methods able to characterize information about compositional data of thin 
film materials and it is also effective in investigating the electronic structure of materials. To 
minimize contamination, every experimental step was performed carefully and particularly, 
the RF sputtering condition was optimized to obtain consistency between target compositions 
and thin film compositions without Li deficiency. The sensitivity factors of Li, Ge, S, C and 
O elements were confirmed to obtain accurate compositional data using standard materials. 
The starting materials, Li2S and GeS2, were examined by XPS to determine purity and 
electronic structure by using deconvoluted S2p core peaks. By using these starting materials 
the target materials, nLi2S + GeS2 (n = 1, 2 and 3) were successfully made and the 
compositional and the electronic structures were characterized by XPS. After sputtering 
lithium thio-germanate thin-films sputtered by the targets on Ni/Si substrates, the 
compositional data and electronic structures were also characterized by XPS to verify how 
consistent between targets and thin films properties were. Complementary information was 
obtained by the use of XPS probe (core peaks).  
 
4.3 Experimental methods 
4.3.1 GeS2 preparation as a starting material  
Glassy GeS2 was prepared by reacting stoiometric amounts of germanium metal 
powder (Alfa, 99.999%) and sulfur (Alfa, 99.999%) in an evacuated silica tube at 900 °C. 
First, a bare silica tube was cleaned with a 2% aqueous ammonium bifluoride, NHFHF, 
solution. The tube was then fitted with a valve assembly and evacuated to 30 mtorr using a 
roughing pump. Surface moisture on the inside of the tube was removed by passing the tube 
over a propane gas/oxygen flame. Once this moisture was removed, the tube was transferred 
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to the glovebox, where the appropriate amounts of Ge and S were placed into the tube. The 
tube was then sealed with a valve assembly and removed from the glovebox and evacuated 
with the roughing pump again to a pressure of ~30 mtorr. Following evacuation, the tube was 
sealed using a high-temperature gas oxygen torch.  
The sealed tube was then placed into a furnace held at an angle of 5° where it was 
slowly heated from room temperature to 900 °C at a rate of 1 °C/min. The tube was slowly 
rotated at about 7 rpm to promote full mixing and reaction of the components. 
After the tube was held at 900 °C for 16 hours, it was air quenched to room temperature. The 
air quenched GeS2 material inside the silica tube was put into the glovebox and silica tube 
was broken to remove the GeS2 glass product. The final product from this process was a 
homogeneous transparent yellow glass.  
 
4.3.2 Preparation of target materials 
Li2GeS3, Li4GeS4 and Li4GeS4 powders were prepared using stoichiometric amounts 
of Li2S (Alfa, 99.9 %) and the GeS2 prepared as described above. These powders were 
mechanically milled for ~15 minutes in a steel container with one steel grinding ball to 
ensure good mixing and to start the reaction process. Batches of 3 to 4 grams were melted in 
a covered vitreous carbon crucible at 950 °C for 15 minutes inside a mullite tube lined muffle 
furnace attached hermetically to the side of the glovebox.  
The melted charges were slow cooled to room temperature in the furnace and in some 
cases were also poured out of the crucible onto a brass plate and quenched to room 
temperature. Once enough material, ~15 grams, was prepared using the aforementioned 
method, the material was ground into a fine powder using a vibratory Spex mill for ~15 
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minutes. Fifteen grams of the powder was weighed out and poured into a steel die set with a 
2″ diameter. The die set was agitated so as to make the powder level and as smooth as 
possible. The top press was placed into the shaft and allowed to slowly settle on top of the 
powder. This assembly was loaded into a plastic bag, to prevent contamination (oxidation) 
during the consolidation process, and taken outside the glovebox to be biaxially pressed. The 
sample was placed on a sheet of 1/4″ rubber between the press and the die set loaded under a 
30,000 lb (60,000 psi) load overnight. 
The target was then adhered to the back of a 2″ diameter, 0.125″ thick copper plate 
using silver paste so that it could be sufficiently water-cooled during the deposition process 
to prevent overheating.  
 
4.3.3 Preparation of Ni/Si substrates for XPS characterization 
Cut single crystal silicon substrates (1 cm × 1 cm) were put into piranha solution 
(H2SO4 : H2O2 = 3 : 1) for 1 hour and ultrasonic clean was done with acetone for 20 min 
followed by ultrasonic clean with D.I water for 20 min. The samples were dried with N2 gas. 
The samples were put in a drying oven (120 oC) overnight. 
The cleansed silicon substrates were loaded into a d.c. sputtering chamber in the 
glovebox and Ni adhesion layer of ~ 50 nm thickness were grown for 20 min. (2.5 nm/min.) 
on the surface of the silicon substrates. The Ni/Si substrates then were loaded into the RF 
magnetron sputtering chamber to grow the thin film electrolytes. 
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4.3.4. Deposition of the thin films 
In order to produce the desired thin films, the target assembly was attached to the 
sputtering gun inside the glove box. The sputtering gun was then removed from the glovebox 
and quickly attached to the deposition chamber to minimize oxidation of the target after 
which deposition chamber was evacuated to ~7×10-8 torr. Additionally, the deposition 
chamber was heated for two days using tape heaters so as to drive off any remaining water in 
the system. Substrates were then introduced into the deposition chamber through the 
glovebox via a sliding track system.  
The chamber was with filled high purity Ar gas (99.9999%) to ~100 mtorr and the 
plasma was lit by turning on the RF power to the target. Pre-sputtering was performed for 30 
min. on the target with the substrate shielded in order to clean the surface of the target of any 
impurities from the brief exposure to atmospheric moisture.      
After pre-sputtering, the shield was withdrawn and deposition continued to produce thin 
films. All films were produced with a power level of 50W and a 25 mtorr dynamic pressure 
of the Argon sputtering gas.  
 
4.3.5 XPS (x-ray photoelectron spectroscopy) analysis of the various materials 
X-ray photoelectron spectroscopy (XPS) is a destructive chemical surface analysis 
technique. XPS uses a high-energy, nearly monochromatic beam of x-ray that is focused onto 
the sample. These x-rays are capable of liberating photoelectrons, with unique energies, from 
the material. The difference between the incident beam energy and the photoelectron energy 
is the binding energy of the electron. Since the photoelectron energies are unique based on 
their electronic environment, information about the bonding preference of elements can be 
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determined. Furthermore, XPS is useful in quantitatively analyzing the composition of a 
sample. 
X-ray photoelectron core level spectra were obtained using a Scienta ESCA-300 
spectrometer with monochromatic Al-Ka (1486.6 eV). Photoelectron spectra were 
characterized at a take-off angle of 45o. The pressure inside the chamber was ~5 × 10-10 torr 
at room temperature. Shirley backgrounds were subtracted for each element. XPS was 
performed on the standard materials, LiF, Li2SO4 and GeO2, to calibrate sensitivity factor of 
the each element. The starting materials, GeS2 glass and Li2S crystalline powder were 
characterized by XPS to verify the amount bridging sulfur and non-bridging sulfur as well as 
how contaminated the materials were.  
XPS was performed on the target materials, Li2GeS3, Li4GeS4 and Li6GeS5, and films 
sputtered by these target materials in Ar atmosphere, in order to determine the composition 
as well as the nature of the bonding for each element. The samples were introduced into the 
XPS chamber through a glove box that had been purged and refilled three times with dry 
nitrogen gas before opening the sample container. The target material, in a compacted 
powder pellet, was fractured and scraped in the glove box before introducing it into the XPS 
chamber so as to provide a fresh, nearly uncontaminated surface.  
Particularly, in case of thin films, after thin film sputtered on the Ni/Si substrate the 
thin film samples were moved directly into XPS chamber with tightly closed to minimize 
contamination by oxygen and moisture in the glove box. Survey scans were performed on all 
samples to confirm the elements present in the sample. Next, scans on each of the specific 
elements (Li, Ge, S, C and O) were performed in order to acquire high resolution spectra. In 
order to get more accurate compositional data, Ar etching for 1 min. and 5 min. at 1 nm/1 
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min. etching rate was conducted to remove the contaminated surface. The XPS signals were 
analyzed using a peak synthesis program in which a nonlinear background is assumed. In the 
case of the S2p doublets, curve fits were obtained using fixed amplitude ratios (S2p3/2-
S2p1/2). From the S2p core peaks the ratio of the NBS and BS was determined. 
 
4.4 Results and discussion 
4.4.1 Compositional analysis of standard materials to calibrate sensitivity factors 
Because x-ray photoelectron spectroscopy (XPS) is a surface analysis technique, 
accurate sensitivity factors are required to analyze compositional data of each element. In 
addition, XPS can detect only a shallow surface thickness, ~ 3-5 nm, so that the sample 
should be kept from contamination to get correct data. XPS compositional data show 
compositional data based on atomic %. Confidence limits can be estimated ± 3% for relative 
percentage and ± 0.1% eV for the binding energies. 
In this study, LiF, Li2SO4 and GeO2 were chosen as standard materials to calibrate the 
sensitivity factor of each element against the sensitivity factor in the instrument software. 
These standard materials were chosen because they are stable in air and are low cost 
materials. In order to determine sensitivity factor of Li element, the LiF was chosen and the 
XPS data were listed in Table 4.1. Table 4.1 shows the XPS compositional data of LiF 
element. The raw material shows Li, F, C and O elements and the ratio of Li and F is very 
close. Although C and O appeare with low content, if these two elements were ignored the 
ratio between Li and F closely matches and the calculated data also are very close to 
theoretical values so that the sensitivity factor, 0.028, of Li was confirmed. Fig. (4.1) shows 
the XPS spectra of the Li and F elements in the LiF material. In order to determine the 
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sensitivity factors of the S and O, Li2SO4 was characterized by XPS. The compositional data 
of the Li2SO4 were shown in Table 4.2. The raw material shows slight Li and S deficiency 
due to the presence of C element and if the C was ignored, Li and S are closer to the 
theoretical values, but the oxygen content is slightly higher than the theoretical value. This 
means that the surface of the material was contaminated by C and O. In order to correctly 
characterize the data, Ar etching for 1 min. at 1 nm/1 min. etching rate was performed to 
remove contaminants from the surface. After etching of the surface, the compositional data 
became closer to the theoretical values and the material contains a very low amount of C 
element. If the C is ignored, the data match to within an error of ± 3%. Therefore, 0.717 and 
0.733 sensitivity factors for S and O were confirmed, respectively. The XPS spectra of the 
Li, S and O element in the Li2SO4 material after Ar etching were shown in Fig. (4.2). GeO2 
was analyzed by XPS to verify the sensitivity factor of Ge and O. The raw material of GeO2 
contains C content on the surface so that the atomic % of Ge and O are slightly lower than 
theoretical values. If the C content was ignored, the contents of Ge and O are closer to 
theoretical values. The default sensitivity factor of Ge element was 2.700 in the instrument 
software. By calibrating the sensitivity factor using GeO2 as standard material, the sensitivity 
factor changed from 2.700 to 5.400.  The sensitivity factor (5.400) of Ge element was 
confirmed and the XPS spectra of the Ge and O element in GeO2 were shown in Fig. (4.3). 
 
4.4.2 Compositional analysis of the starting materials, Li2S and GeS2. 
After confirming these sensitivity factors, in order to verify the purity, compositional 
data, and the electronic structures of Li2S and GeS2, the starting materials were examined by 
XPS. In the case of raw material of Li2S, the data show 11.7 % and 20.7 % for C and O 
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elements, respectively as shown in Table 3.4. The C and O contents are relatively high. The 
reason for high C and O contents is that double sided tape was used to attach the Li2S powder 
so that the relatively high C and O content came from the double sided tape. In addition, one 
more possibility is that Li2S is very sensitive in air so that Li2S might react with high 
contaminants in the glove box. Although the relatively high C and O contents are exist in the 
raw material, the ratio of Li and S is 2:1. This ratio is very close to the ratio of theoretical 
values. If C and O elements were ignored, the ratio of Li and S would closer to theoretical 
values.  
While the Li2S shows relatively high O content, GeS2 material was not contaminated 
by oxygen because GeS2 material is less hygroscopic than other sulfide materials. GeS2 
contains a small percent of C so that before ignoring C and after ignoring C, the 
compositional data of GeS2 agrees well with theoretical values. The XPS specific spectra of 
Li2S and GeS2 were shown in Fig. (4.4). In the case of Li2S the XPS spectra show that the 
binding energy of S is at ~163.4 eV. The binding energy of the S spectra in GeS2 is at ~166.8 
eV. The reason for the difference in S2p binding energy between Li2S and GeS2 is that S in 
the Li2S represents the S= sulfide and anion S in the GeS2 represents bridging sulfur, -S-. The 
binding energy of the bridging sulfur is higher than that of sulfide. Deconvoluted S2p spectra 
of Li2S crystalline powder are shown in Fig. (4.5). For S2p spectra of sulfur species, there is 
a doublet consisting of S2p3/2 and S2p1/2 (spin-orbit coupling) with the intensity ratio 2:1. 
The convoluted S2p core peaks of Li2S show one doublet. This doublet represents lithium 
sulfide bonding and means that only lithium sulfide bonding exists in the Li2S. This result 
agrees will with the literature data[26], If Li2S was contaminated by oxygen the deconvoluted 
S2p spectra might show some peaks related to sulfite and sulfate. Deconvoluted S2p spectra 
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of GeS2 glass are shown in Fig. (4.6). As shown in Fig. (4.6), S2p shows one doublet which 
has higher binding energy compared to the doublet in the Li2S. This doublet in GeS2 
indicates bridging sulfur bonding. 
 
4.4.3 Compositional analysis of the target materials. 
After the target materials were made using nLi2S + GeS2 (n = 1, 2 and 3), the 
compositional data of target materials were characterized by XPS. The compositional data of 
the Li2GeS3 target material are shown in Table 4.5. Raw material shows 10.3 % and 5.9 % of 
C and O elements, respectively so that Li, Ge and S contents are lower than theoretical 
values. If C and O elements were ignored the compositional data of Li, Ge and S nearly 
matches the theoretical values. The XPS survey scan of the Li2GeS3 target is shown in Fig. 
(4.7). The survey scans were performed to confirm elements present in the sample. XPS 
region spectra of the each element were collected in the Li2GeS3 target material and each 
spectrum of Li, Ge, S, C and O elements are shown in Fig. (4.8). The compositional data 
shown in Table 4.5 were collected by using each region spectra. The sulfur spectrum does 
not contain peaks related with sulfite (SO3) and sulfate (SO4) unlike the S spectra in Li2S. In 
order to verify non-bridging sulfur and bridging sulfur deconvoluted S2p spectra of the 
Li2GeS3 target are shown in Fig. (4.9). Two doublets were appeared; S1 doublet spectra are 
related to non-bridging sulfur and S2 doublet spectra are related to bridging sulfur. The 
binding energies of NBS and BS are 162.4 eV-163.6 eV and 163.2 eV-164.4 eV, 
respectively. The ratio of NBS and BS is 65.25 % to 34.75 %. The ratio value of NBS and 
BS in the Li2GeS3 target is very close to the reference values[27] which has the ratio of 67% 
NBS to 33% BS. Fig. (4.10) shows the survey XPS spectra of the Li4GeS4 target material. 
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From the survey scan XPS spectra, Li, Ge, S, C and O elements appeared and then by using 
region spectra for each element, compositional data were determined. The XPS region 
spectra of each element in the Li4GeS4 target are shown in Fig. (4.11). As shown in the 
region spectra, the intensity of C and O spectra is not strong. This means that the 
concentration of C and O element are relatively low. From the region spectra, the 
compositional data of the Li4GeS4 target material were collected by XPS and contents of 
each element were listed in Table 4.6. Raw material shows 8.6 % and 5.1 % for C and O 
element, respectively so that the Li, Ge and S contents are slightly lower than theoretical 
values. Although Ar etching was not performed on the target surface, the C and O contents 
are relatively low so that it can be assumed that the target was slightly contaminated by C 
and O elements on the surface. If C and O elements were ignored the Li, Ge and S contents 
would become closer to theoretical values. In order to verify how much nbs and bs are 
present, deconvoluted S2p core spectra of the Li4GeS4 target material are shown in Fig. 
(4.12). The spectra show two doublets. One doublet is non-bridging sulfur and other doublet 
is bridging sulfur. These two doublets show different binding energies; first doublet has 
162.9 (S2p3/2) eV-164.1 (S2p1/2) eV and second doublet have 163.7 (S2p3/2) eV-164.9 
(S2p1/2) eV, respectively. The ratio between non-bridging sulfur and bridging sulfur is 87.04 
% to 12.96 %. It can be assumed that when the target material was melted or during 
experimental processing, a slight Li concentration might be lost.  
Fig. (4.13) show the survey XPS spectra of the Li6GeS5 target material where Li, Ge, 
S. C and O elements were detected. The XPS region spectra of each element in the Li6GeS5 
target materials were shown in Fig. (4.14). From the XPS region spectra the compositional 
data were determined and the compositional data are listed in Table 4.7. In Table 4.7 the raw 
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material shows 6.5 atomic % and 7.9 atomic % for C and O elements, respectively. The 
target material was contaminated by C and O elements on the target surface with low C and 
O contents. If C and O elements were ignored while Li content is slightly lower than the 
theoretical values and Ge and S are slightly higher than theoretical values. Considering the ± 
3% error the of XPS data, the Li deficiency can be ignored. In order to verify how NBS and 
BS are incorporated in the Li6GeS5 target material, the deconvoluted S2p spectra of the 
Li6GeS5 target material were shown in Fig. (4.15). In the deconvoluted spectra there are two 
doublets. S1 spectra represent NBS and S2 spectra represent BS. The ratio of NBS and BS is 
90.79 % to 9.21 %. These two doublets show different binding energies; first doublet has 
162.7 (S2p3/2) eV-163.9 (S2p1/2) eV and second doublet have 163.5 (S2p3/2) eV-164.7 
(S2p1/2) eV, respectively. The binding energies and the ratio of NBS and BS for the different 
target materials are listed in Table 3.8. The ratio of NBS and BS for the Li2GeS3, Li4GeS4 
and Li6GeS5 targets are 65.25 % to 34.75 %, 87.04 % to 12.96 % and 90.79 % to 9.21 %, 
respectively. As Li2S content increases in the target material, the ratio of NBS and BS 
increases. For the three target systems, the S2p peak can be satisfactorily resolved into two 
doublets. The major doublet on the low energy side is attributed to non-bridging sulfur and 
the minor one is associated to bridging sulfur atoms. 
Although Ar etching on the Li2GeS3, Li4GeS4 and Li6GeS5 target materials were not 
performed, the target materials contained low contents of C and O with each 10 % below. If 
C and O elements were ignored the Li, Ge and S contents closely match with the theoretical 
values. As Li2S content increases in the nLi2S + GeS2 (n = 1, 2 and 3) target material system, 
the non-bridging sulfur to bridging sulfur ratios increase.  
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4.4.4 Compositional analysis of the thin films sputtered in Ar atmosphere  
After sputtering thin films on Ni/Si substrates in Ar atmosphere, the thin films were 
characterized by XPS to determine their compositions. Fig. (4.16) shows the survey XPS 
spectra of the Li2GeS3 thin film sputtered in Ar atmospheres without Ar etching. Li, Ge, S, C 
and O elements were detected like targets showed The region spectra were collected to 
determine the content of each element. The region spectra of each element were shown in 
Fig. (4.17) and from the region spectra of each element, the compositional data were 
collected and are listed in Table. 4.9. Raw material shows 18.6 % and 8.6 % for C and O 
elements, respectively. These C and O contents in the thin film are higher than those of 
Li2GeS3 target and Li, Ge and S contents are lower than theoretical values. It is assumed that 
Li, Ge and S elements reacted with O element slightly so that the Li, Ge and O contents 
became lower than theoretical values. It is a possibility that C and O contents are higher than 
those of target material because the thin film has very flat surface and high uniformity and 
reacts easily with C and O elements.  
In order to obtain more accurate compositional data, Ar etching was performed on the 
thin film surface for 1 min. and 5 min. at a 1 nm/1 min. etching rate. After Ar etching 
treatment for 1 min., the survey scan was performed and as in Fig. (4.18). In order to 
calculate the compositional data, the XPS region spectra of each element in the Li2GeS3 thin 
film with Ar etching for 1 minute are shown in Fig. (4.19). The spectra intensity of C and O 
elements decreased compared to raw thin film. This means that the C and O contents 
decreased. The compositional data of the thin film after Ar etching for 1 min. are listed in 
Table 4.9. The C content became 0 (zero) atomic % and O content decreased from 8.6 % to 
3.7 %. This suggests that the Li2GeS3 thin film was contaminated by C and O elements on 
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surface to ~1 nm depth. The Li, Ge and S contents are very close to theoretical values. If O is 
ignored, the compositional data almost matches with theoretical values. In order to examine 
deeper profiles of the thin film, Ar etching for 5 min. was performed at  ~1 nm/1 minute.  
The survey scan of the thin film after Ar etching treatment for 5 min. is shown in Fig. 
(4.20). The shape of the survey scan of the thin film is similar to the thin film performed by 
Ar etching for 1 minute. Therefore, it can be said that the thin film was contaminated by C 
and O elements only 1 nm from the surface and the thin film reveals high uniformity except 
for 1 nm form the surface. The region XPS spectrum of the Li2GeS3 thin film with Ar etching 
for 5 min. are shown in Fig. (4.21). The peak intensity of C element is not present and the 
peak from O is relatively low.  
From the region XPS spectra for each element, the compositional data were 
calculated and the data are listed in Table 4.9. Although Ar etching treatment with 5 min. 
was performed, the compositional data are almost the same compared to the data of thin film 
with Ar etching for 1 minute. This means that as mentioned above, the thin film shows high 
uniformity and quality except  for the just 1 nm of the surface. The compositional data of thin 
film performed Ar etching for 1 min. and 5 min. matches to theoretical values. Therefore, the 
composition of the Li2GeS3 thin film produced by sputtering using the Li2GeS3 target are 
consistent between thin film and target compositions. In order to clearly see this, the merged 
spectra of the Li2GeS3 thin film of raw material and with Ar etching for 1 and 5 min. are 
shown in Fig. (4.22). The XPS spectra intensity of the Li, Ge and S elements slightly 
changed after Ar etching treatment but the binding energies are unchanged. However, the 
spectra intensity of C element significantly decreased after Ar etching treatment so this 
proves that the thin film was contaminated by C only 1 nm from the surface. The spectra 
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intensity of O element decreased after Ar etching treatment as well as binding energies 
shifted to lower binding energies. This suggests that Ar etching treatment destroys the 
surface oxygen bonding structure and removed O from the thin film. 
Previous literature reported[28] the thio-germanate thin films produced by sputtering 
showed severe Li deficiency. The compositions of Li2GeS3 thin films in this study are 
consistent with those of the target so that it can be concluded that the sputtering condition 
was optimized and the thin film compositions are reliable.             
In order to determine how much NBS and BS exists in the thin films, deconvoluted 
XPS spectra of the Li2GeS3 thin film without Ar etching treatment are shown in Fig. (4.23). 
In the deconvoluted spectra, there are two doublets; the major doublet (S1) on the low energy 
side is attributed to nbs and the minor one (S2) on high energy side is associated to bs. The 
binding energies and the ratios of nbs and bs of the Li2GeS3 thin film without Ar etching are 
listed in Table 3.10. The ratio of nbs and bs is 53.85 % to 46.15 %. These two doublets show 
different binding energies; first doublet has 161.3 (S2p3/2) eV-162.5 (S2p1/2) eV and second 
doublet have 162.2 (S2p3/2) eV-163.3 (S2p1/2) eV, respectively. The NBS and BS ratios of 
the thin film without Ar etching are lower than that of Li2GeS3 target because the thin film 
surface contained more C and O elements than target material. 
Deconvoluted XPS S2p core peaks for Li2GeS3 thin film with Ar etching for 1 min. 
are shown in Fig. (4.24). There are two doublets like shown in the thin film without Ar 
etching however, NBS (S1) and BS (S2) ratios are different. The calculated NBS and BS 
ratios are listed in Table 4.10. The ratio of nbs and bsr is 64.52 % to 35.48 %. These two 
doublets show different binding energies; the first doublet has 161.4 (S2p3/2) eV-162.6 
(S2p1/2) eV and the second doublet has 162.1 (S2p3/2) eV-163.2 (S2p1/2) eV, respectively. 
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NBS and bridging sulfur BS ratios are higher than those of thin film without Ar etching 
because the O was removed by Ar etching so that Li2S content increased.  
Deconvoluted XPS S2p core peaks for Li2GeS3 thin film performed Ar etching for 5 
min. were shown in Fig. (4.25). There are two doublets; the major doublet (S1) on the low 
energy side is attributed to NBS and the minor one (S2) on high energy side is associated to 
BS. The binding energies and the ratios of NBS and BS of the Li2GeS3 thin film with Ar 
etching for 5 min. are listed in Table 4.10. The ratio of NBS and BS is 64.19 % to 35.81 %. 
These two doublets show different binding energies; the first doublet has 161.5 (S2p3/2) eV-
162.7 (S2p1/2) eV and the second doublet has 162.2 (S2p3/2) eV-163.4 (S2p1/2) eV, 
respectively. The nbs and bs ratios of the thin film with Ar etching for 5 min. are very similar 
to those of the thin film Ar etching for 1 min. and the both ratios of two thin film data of Ar 
etching with 1 min. and 5 min. are very close to that of the target material. 
The survey XPS spectra of the Li4GeS4 thin film without Ar etching are shown in Fig. 
(4.26). In order to calculate compositional data, the XPS region spectra of each element of 
the Li4GeS4 thin film without Ar etching are shown in Fig. (4.27). From the region spectra, 
the compositional data were determined and the compositional data are listed in Table 4.11. 
The raw material shows 18.3 % and 13.1 % of C and O elements, respectively. The atomic % 
of C is similar compared to that of Li2GeS3 raw material however, the O content is slightly 
higher than that of Li2GeS3 raw material. The Li, Ge and S contents are lower than 
theoretical values because the thin film contained relatively high C and O contents. In order 
to calculate more accurate data, Ar etching treatment was performed on the Li4GeS4 thin film 
surface for 1 min. and the survey XPS spectrum is shown in Fig. (4.28). The XPS region 
spectra of each element in the Li4GeS4 thin film with Ar etching for 1 min. are shown in Fig. 
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(4.29). The spectra intensity of C and O elements significantly decreased. In case of the 
spectrum of C, only noise appeared. The compositional data calculated from the region 
spectra of the Li4GeS4 thin film with Ar etching for 1min. are listed in Table 4.11. The C and 
O contents decreased to ~ 0 (zero) % and 5.5 %, respectively. Li, Ge and S contents 
increased because C and O elements were removed from the thin film by Ar etching. 
Because the O content of 5.5 % exists in the thin film in spite of the Ar etching, the Li, Ge 
and S contents are slightly different from the theoretical values. If O was ignored, the 
compositional data matches to the theoretical values. After Ar etching was performed for 5 
min. at 1 nm/1 min. etching rate, the survey spectrum was characterized and is shown in Fig. 
(4.30). The pattern of the survey spectrum is similar to that of Li4GeS4 thin film with Ar 
etching for 1 minute. The region spectra of each element in the Li4GeS4 thin film with Ar 
etching for 5 min. are shown in Fig. (4.31). The patterns of the region spectra are also very 
close to those of Li4GeS4 thin film with Ar etching for 1 minute. From the region spectra, the 
compositional data of the thin film with Ar etching are listed in Table 4.11. The O content 
decreased slightly but still exists in the thin film. It is believed that the low O content, ~ 5 %, 
does not affect significantly the thin film properties. If O was ignored the compositional data 
are very close to theoretical values. It is noted that the compositional data of the Li4GeS4 thin 
film produced by sputtering using the Li4GeS4 target are consistent with those of Li4GeS4 
target so that the thin films produced by sputtering technique of the thio-germanate are very 
promising for use in thin film batteries as an electrolyte.  
In order to clearly see the XPS spectra patterns of the Li4GeS4 thin film before Ar 
etching and after Ar etching the merged spectra of the Li4GeS4 thin film are shown in Fig. 
(4.32). While the spectra of the Li, Ge and S element changed slightly, the spectra of C and 
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O elements changed significantly compared to before Ar etching and after Ar etching. In 
addition, while the binding energies of the Li, Ge and S elements are not shifted in spite of 
Ar etching, the binding energy of O are shifted to low energy and the intensity of O element 
decreased. In addition, the intensity of C disappeared. It is assumed that Ar etching destroys 
the bonding structure both C and O and removed C from the thin film surface. However, very 
low O content is still present on the thin film surface.  
Deconvoluted S2p core peaks for the Li4GeS4 thin film without Ar etching, after Ar 
etching for 1 min. and 5 min. are shown in Fig. (4.33),  Fig. (4.34) and Fig (4.35), 
respectively to determine how much NBS and BS are present in the thin film. In the 
deconvoluted S2p core peaks, there are two doublets in the all spectra and the ratios of NBS 
and BS were calculated. The binding energies and the ratios of nbs and bs ratios of the 
Li4GeS4 thin film without Ar etching and with Ar etching for 1 min. and 5 min. are listed in 
Table 4.12.  
The ratio of NBS and BS of the Li4GeS4 thin film without etching is 64.65 % to 35.35 
%. The ratio of NBS and BS of the thin film with Ar etching for 1 min. and 5 min. are 75.77 
% to 24.23 % and 75.24 % to 24.76 %, respectively. The ratio of NBS and BS in the thin 
film before Ar etching is lower than the ratio of NBS and BS in the thin film after Ar etching 
because the O content is high in the thin film before Ar etching so that Li2S content is 
relatively low in the film. The ratio of NBS and BS in the thin film is lower than that of the 
target. It is assumed that although the compositional data of the thin film are close to those of 
target, the structures of the thin film produced by sputtering are slightly different compared 
to target structures.   
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To verify the compositional data of the thin film with higher Li2S content, the 
compositional data of the Li6GeS5 thin film produced by sputtering using the Li6GeS5 target 
were performed by XPS. The survey XPS spectra for the Li6GeS5 thin film without Ar 
etching are shown in Fig. (4.36). To calculate compositional data of each element, the region 
spectra of each element in the Li6GeS5 thin film without Ar etching were examined and the 
spectra are shown in Fig. (4.37). In the region spectra, the spectra intensity of the C and O 
elements are high. This means the C and O contents are high.  
To remove contamination on the surface of the Li6GeS5 thin film, Ar etching was 
performed for 1 min. and 5 min at 1 nm/1 min. etching rate. The survey scan spectra for the 
thin film at 1 min. Ar etching and 5 min. Ar etching are examined and are shown in Fig. 
(4.38) and Fig. (4.40), respectively. To calculate the compositional data of each element, the 
region XPS spectra for Li6GeS5 thin film at 1 min. and 5 min. Ar etching were characterized 
are shown Fig. (4.39) and Fig. (4.41). In the region spectra of both of thin film for 1 min. Ar 
etching and 5 min. Ar etching, the intensity of C disappeared and the intensity of O 
decreased. From the region spectra, the compositional data of the thin film are listed in Table 
(4.13). The raw thin film shows 14.7 % and 11.3 % of C and O contents, respectively, so that 
the contents of Li, Ge and S elements are lower than theoretical values. If C and O contents 
are ignored the Li, Ge and S contents are similar to theoretical values. However, Li and Ge 
contents are slightly lower than theoretical values and the S content is slightly higher than 
theoretical values. After Ar etching for 1 min. was performed on the thin film, the C content 
became 0 % and O content decreased to 5.6 %. The Ge and S contents almost match to the 
theoretical values but the Li content is slightly deficient. If the O content was ignored Li, Ge 
and S contents are close to theoretical values. After Ar etching for 5 min. the compositional 
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data almost match and the O content decreased to 3.1 %. However, while the Li content 
shows ~ 5 % deficiency, Ge and S contents show slightly higher than theoretical values.  
In order to clearly see the XPS spectra patterns of the Li6GeS5 thin film before Ar 
etching and after Ar etching all spectra of the Li6GeS5 thin film were merged and are shown 
in Fig. (4.42). While the spectra intensity of the Li, Ge and S elements slightly changed the 
spectra intensity of C and O elements changed significantly between before Ar etching and 
after Ar etching. In addition, while the binding energies of the Li, Ge and S elements are not 
shifted in spite of Ar etching, the binding energy of O is shifted to low energy and the 
intensity of the O peak decreased. Particularly, the spectra intensity of C element 
disappeared. It is assumed that Ar etching treatment destroys the bonding structure related C 
and O elements and removed C and O from the thin film surface. The C was perfectly 
removed by Ar etching for 1min. because the thin film was contaminated by C only for 1 nm 
thick on surface. However, although Ar etching was performed, low O content exists in the 
thin film as low as ~ 5 %.  
To determine the ratio of NBS and BS ratio in the Li6GeS5 thin film, deconvoluted 
S2p core peaks for raw thin film, thin film with 1 min. Ar etching and with 5 min. Ar etching 
are shown in Fig. (4.43), Fig. (4.44) and Fig. (4.45). In the deconvoluted S2p core peaks, 
there are two doublets in all spectra and the ratios of NBS and BS are calculated. The binding 
energies and the ratios of NBS and BS ratios of the Li6GeS5 thin film without Ar etching, Ar 
etching for 1 min. and 5 min. are listed in Table 3.14. The ratio of NBS and BS of the 
Li6GeS5 thin film without etching is 70.54 % to 29.46 %. The ratio of NBS and BS of the 
thin film performed Ar etching for 1 min. and 5 min. are 81.73 % to 18.27 % and 80.97 % to 
19.03 %, respectively. The ratio of NBS and BS in the thin film before Ar etching is lower 
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than those of NBS and BS in the thin film after Ar etching because the O content is high in 
the raw thin film so that Li2S content is relatively low in the film. The ratio of nbs and bs in 
the thin film is lower than those of the target. It is assumed that although the compositional 
data of the thin film are close to those of target, the structures of the thin film produced by 
sputtering are slightly different than target structures.   
 
4.5 Conclusions 
The purpose in this work was to provide information on the compositional data and 
electronic structures of thio-germanate materials by means of XPS studies. In order to obtain 
accurate compositional data, the sensitivity factors of each element were calibrated by using 
standard materials. The compositional data of the starting materials, GeS2 glass and Li2S 
crystalline, were characterized by XPS. The S2p core peaks of the starting materials show the 
electronic structures. The S2p core peaks in Li2S show one doublet which represents lithium 
sulfide and The S2p core peaks in GeS2 show one doublet which represents bridging sulfur. 
Both S2p core peaks of Li2S and GeS2 reveal one doublet. This means that the two materials 
were not contaminated by contaminants. If Li2S and GeS2 was contaminated by 
contaminants, the S2p core peaks of two materials show more doublets related to sulfite or 
sulfate. 
The compositional data of the target materials, nLi2S + GeS2 (n = 1, 2 and 3), were 
obtained by XPS. The compositional data were very close to theoretical values. In addition, 
the S2p core peaks for the target materials reveal that the binding energies and the ratio of 
NBS and BS. As modifier material, Li2S, increases in the nLi2S + GeS2 (n = 1, 2 and 3), the 
ratio of NBS and BS increases.  
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The experiments were done with care to prevent contamination. An RF Magnetron 
sputtering system was constructed and coupled to a nitrogen glovebox, so that moisture-
sensitive films also can be deposited on Ni/Si substrates without contamination. The RF 
sputtering condition was optimized and in order to verify the consistency between target 
materials and thin films. The compositional data of the thin films produced by RF sputtering 
technique were obtained by XPS. Although the raw material contained C and O elements on 
the surface, the thin films after Ar etching for 1 min. show only low O content. This means 
that the thin films were contaminated by C and O elements only 1 nm from the surface. After 
Ar etching, the compositional data of the thin films were very close to theoretical values. 
Therefore, the thin films produced by sputtering are reliable compared to target materials. 
The deconvoluted S2p core peaks for the thin films were analyzed and the ratio of nbs and bs 
was determined. As Li2S content increases in the nLi2S + GeS2 (n = 1, 2 and 3) thin films, the 
ratio of the nbs to bs increases like the target materials showed.  
The compositional data and electronic structures of the thio-germanate materials have not 
been as widely studied as their oxide materials because of the difficulties in preparation. 
However, in this study, by using XPS the compositional data of the lithium thio-germanate 
materials were successfully characterized and the information of electronic structures were 
obtained. From the XPS data, it can be said that the lithium thio-germanate thin-films are 
very promising for use in Li-ion batteries.     
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Table 4.1 Compositional analysis of the LiF material to calibrate the sensitivity factors for 
lithium. 
 
 
 
           Atomic %        ( ± 3 % error)  
Li1s 
(0.028) 
F1s 
(1.000) 
C1s 
(0.314) 
O1s 
(0.733) 
Comments 
(Sensitivity factor) 
47.7 46.2 4.4 1.7 Raw material 
50.3 49.7 - - Ignore C and O  
50.0 50.0 0.0 0.0 Theoretical values 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.1 XPS spectra of Li and F in the LiF material 
Li1s F1s 
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Table 4.2 Compositional analysis of the Li2SO4 material to calibrate the sensitivity factors 
for Li, S and O. 
 
                   Atomic %        ( ± 3 % error)  
Li1s 
(0.028) 
S2p 
(0.717) 
O1s 
(0.733) 
C1s 
(0.314) 
Comments 
(Sensitivity factor) 
22.8 11.9 58.7 6.6 Raw material 
24.4 12.8 62.8 - Ignore C  
26.1 12.7 59.8 1.4 Ar etching for 1 min. 
26.4 12.9 60.7 - Ignore C 
28.6 14.3 57.1 0.0 Theoretical values 
 
 
 
 
 
Figure 4.2 XPS spectra of Li, S and O elements in the Li2SO4 material. 
Li1s S2p 
O1s 
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Table 4.3 Compositional analysis of the GeO2 material by XPS to calibrate the sensitivity 
factors for Ge and O. 
 
 
 
 
                   Atomic %        ( ± 3 % error)  
Ge2p3 
(5.400) 
O1s 
(0.733) 
C1s 
(0.314) 
Comments 
(Sensitivity factor) 
30.4 63.2 6.4 Raw material 
32.4 67.6 - Ignore C and O  
33.3 66.7 0.0 Theoretical values 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.3 XPS spectra of Ge and O elements in the GeO2 material. 
Ge2p3 O1s 
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Table 4.4 Compositional analysis of the starting materials Li2S and GeS2. 
 
                   Atomic %        ( ± 3 % error)  
Li2S 
Li1s 
(0.028) 
S2p 
(0.717) 
C1s 
(0.314) 
O1s 
(0.733) 
Comments 
(Sensitivity factor) 
44.7 22.9 11.7 20.7 Raw material 
66.1 33.9 - - Ignore C, and O  
66.7 33.3 0.0 0.0 Theoretical values 
 
GeS2 
Ge2p3 
(5.400) 
S2p 
(0.717) 
C1s 
(0.314) 
O1s 
(0.733) 
Comments 
(Sensitivity factor) 
34.2 59.2 6.6 0.0 Raw material 
36.7 63.3 - 0.0 Ignore C 
33.3 66.7 0.0 0.0 Theoretical values 
 
 
 
 
 
 
Figure 4.4 XPS spectra of Li, Ge and S elements in the Li2S (a) and GeS2 (b) materials. 
Li1s S2p 
Ge2p3 S2p 
(a) 
(b) 
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Table 4.5 Compositional analysis of the Li2GeS3 target material. 
 
 
 
 
                   Atomic %        ( ± 3 % error)  
Li1s 
(0.028) 
Ge2p3 
(5.400) 
S2p 
(0.717) 
C1s 
(0.314) 
O1s 
(0.733) 
Comments 
(Sensitivity factor) 
26.1 16.4 41.3 10.3 5.9 Raw material 
30.4 19.1 48.1 - - Ignore C and O 
33.3 16.7 50.0 0 0 Theoretical values 
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Table 4.6 Compositional analysis of the Li4GeS4 target material. 
 
 
 
 
                   Atomic %        ( ± 3 % error)  
Li1s 
(0.028) 
Ge2p3 
(5.400) 
S2p 
(0.717) 
C1s 
(0.314) 
O1s 
(0.733) Comments 
36.5 9.6 40.2 8.6 5.1 Raw material 
42.3 11.1 46.6 - - Ignore C and O  
44.4 11.2 44.4 0.0 0.0 Theoretical values 
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Table 4.7 Compositional analysis of the Li6GeS5 target material. 
 
 
 
 
                   Atomic %        ( ± 3 % error)  
Li1s 
(0.028) 
Ge2p3 
(5.400) 
S2p 
(0.717) 
C1s 
(0.314) 
O1s 
(0.733) Comments 
40.4 8.0 37.2 6.5 7.9 Raw material 
47.2 9.3 43.5 - - Ignore C and O  
50.0 8.3 41.7 0 0 Theoretical values 
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Table 4.8 The binding energies and ratio of NBS to BS for the target materials in nLi2S + 
GeS2 system (n = 1, 2 and 3). Confidence limits can be estimated: ± 3 % for the relative 
percentages and ± 0.1 eV for the binding energies. 
 
 
 
 
                   Atomic %        ( ± 3 % error)  
Compounds Eb S2p3/2-1/2 (eV) Ratio  
Li2GeS3 target 
(Li2S + GeS2) 
162.6 - 163.8  
163.4 - 164.5  
NBS (65.25 %)  
BS (34.75 %) 
Li4GeS4 target 
(2Li2S + GeS2) 
162.9 - 164.1  
163.7 - 164.9  
NBS (87.04 %)  
BS (12.96 %) 
Li6GeS5 target 
(3Li2S + GeS2) 
162.7 - 163.9  
163.5 - 164.7  
NBS (90.79 %)  
BS (9.21 %) 
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Table 4.9 Compositional analysis of the Li2GeS3 thin film in Ar atmosphere on Ni/Si 
substrate. 
 
 
 
 
                     Atomic %                  ( ± 3 % error ) 
Li1s 
(0.028) 
Ge2p3 
(5.400) 
S2p 
(0.717) 
C1s 
(0.314) 
O1s 
(0.733) 
Comments 
(Sensitivity factor) 
27.2 8.5 37.1 18.6 8.6 Raw material 
37.2 11.7 51.1 - - Ignore C, and O 
32.6 15.9 47.8 0.0 3.7 Ar etching for 1 min. 
33.9 16.5 49.6 0.0 - Ignore O 
31.7 16.1 48.1 0.0 4.1 Ar etching for 5 min. 
33.1 16.8 50.1 0.0 - Ignore O 
33.3 16.7 50.0 0.0 0.0 Theoretical values 
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Table 4.10 The binding energies (Eb) and ratio of NBS to BS for the Li2GeS3 thin film. 
Confidence limits can be estimated at ± 3 % for the relative percentages and ± 0.1 eV for the 
binding energies. 
 
 
 
 
 
                   Atomic %        ( ± 3 % error)  
Compounds Eb S2p3/2-1/2 (eV) Ratio  
Li2GeS3 thin film 
(without Ar etching) 
161.3 - 162.5  
162.2 - 163.3  
NBS (53.85 %)  
BS (46.15 %) 
Li2GeS3 thin film 
(Ar etching for 1 min.) 
161.4 - 162.6  
162.1 - 163.3  
NBS (64.52 %)  
BS (35.48 %) 
Li2GeS3 thin film 
 (Ar etching for 5 min.) 
161.5 - 162.7  
162.2 - 163.4  
NBS (64.19 %)  
BS (35.81 %) 
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Table 4.11 Compositional analysis of the Li4GeS4 thin film in Ar atmosphere on Ni/Si 
substrate. 
 
 
 
 
                     Atomic %                  ( ± 3 % error ) 
Li1s 
(0.028) 
Ge2p3 
(5.400) 
S2p 
(0.717) 
C1s 
(0.314) 
O1s 
(0.733) 
Comments 
(Sensitivity factor) 
31.0 5.5 32.1 18.3 13.1 Raw material 
45.1 8.1 46.8 - - Ignore C, and O 
40.6 12.6 41.3 0.0 5.5 Ar etching for 1 min. 
43.0 13.4 43.6 0.0 - Ignore O 
41.9 12.9 40.5 0.0 4.7 Ar etching for 5 min. 
43.9 13.4 42.5 0.0 - Ignore O 
44.4 11.2 44.4 0.0 0.0 Theoretical values 
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Table 4.12 The binding energies (Eb) and ratio of NBS to BS for the Li4GeS4 thin film. 
Confidence limits can be estimated at ± 3 % for the relative percentages and ± 0.1 eV for the 
binding energies. 
 
 
 
 
 
                   Atomic %        ( ± 3 % error)  
Compounds Eb S2p3/2-1/2 (eV) Ratio  
Li4GeS4 thin film 
(without Ar etching) 
161.1 - 162.3  
161.8 - 163.0  
NBS (64.65 %)  
BS (35.35 %) 
Li4GeS4 thin film 
(Ar etching for 1 min.) 
161.4 - 162.5.1  
162.2 - 163.4  
NBS (75.77 %)  
BS (24.23 %) 
Li4GeS4 thin film 
 (Ar etching for 5 min.) 
161.5 - 162.6  
162.3 - 163.4  
NBS (75.24 %)  
BS (24.76%) 
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Table 4.13 Compositional analysis of the Li6GeS5 thin film in Ar atmosphere on Ni/Si 
substrate. 
 
 
 
 
                      Atomic %                  ( ± 3 % error ) 
Li1s 
(0.028) 
Ge2p3 
(5.400) 
S2p 
(0.717) 
C1s 
(0.314) 
O1s 
(0.733) 
Comments 
(Sensitivity factor) 
35.9 4.9 33.2 14.7 11.3 Raw material 
48.5 6.7 44.8 - - Ignore C, and O 
43.7 8.9 41.8 0.0 5.6 Ar etching for 1 min. 
46.3 9.4 44.3 0.0 - Ignore O 
44.6 11.1 41.2 0.0 3.1 Ar etching for 5 min. 
46.0 11.5 42.5 0.0 - Ignore O 
50.0 8.3 41.7 0.0 0.0 Theoretical values 
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Table 4.14 The binding energies (Eb) and ratio of NBS to BS for the Li6GeS5 thin film. 
Confidence limits can be estimated at ± 3 % for the relative percentages and ± 0.1 eV for the 
binding energies. 
 
 
 
 
                   Atomic %        ( ± 3 % error)  
Compounds Eb S2p3/2-1/2 (eV) Ratio  
Li6GeS5 thin film 
(without Ar etching) 
160.9 - 162.1  
161.5 - 162.6  
NBS (70.54 %)  
BS (29.46 %) 
Li6GeS5 thin film 
(Ar etching for 1 min.) 
161.2 - 162.3  
162.0 - 163.1  
NBS (81.73 %)  
BS (18.27 %) 
Li6GeS5 thin film 
(Ar etching for 5 min.) 
161.2 - 162.4  
163.5 - 164.7  
NBS (80.97 %)  
BS (19.03 %) 
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Figure 4.5 Deconvoluted S2p spectra for Li2S powder.  
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Figure 4.6 Deconvoluted S2p core spectra for GeS2 glass powder.  
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Figure 4.7 XPS survey scan of the Li2GeS3 target material.  
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Figure 4.8 XPS region spectra of each element in the Li2GeS3 target material.  
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Figure 4.9 Deconvoluted S2p core spectra of the Li2GeS3 target material.  
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Figure 4.10 The survey XPS spectra of the Li4GeS4 target material.  
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Figure 4.11 XPS region spectra of the each element in the Li4GeS4 target material.  
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Figure 4.12 Deconvoluted S2p core spectra of the Li4GeS4 target. 
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Figure 4.13 The survey XPS spectra of the Li6GeS5 target material.  
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Figure 4.14 XPS region spectra of each element in the Li6GeS5 target material.  
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Figure 4.15 Deconvoluted S2p spectra of the Li6GeS5 target. 
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Figure 4.16 The survey XPS spectra of the Li2GeS3 thin film in Ar atmosphere without Ar 
etching.  
Survey scan of the Li2GeS3 thin film 
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Figure 4.17 XPS region spectra of each element in the Li2GeS3 thin film in Ar atmosphere 
for compositional analysis without Ar etching. 
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Figure 4.18 The survey XPS spectra of the Li2GeS3 thin film in Ar atmosphere with Ar 
etching for 1 min at 1 nm / 1 min. etching rate.  
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Figure 4.19 XPS region spectra of each element in the the Li2GeS3 thin film in Ar 
atmosphere for compositional analysis with Ar etching for 1 min. at 1 nm/1 min. etching rate. 
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Figure 4.20 The survey XPS spectra of the Li2GeS3 thin film in Ar atmosphere with Ar 
etching for 5 min. at 1 nm /1 min. etching rate.  
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Figure 4.21 XPS region spectra of each element in the Li2GeS3 thin film in Ar atmosphere 
for compositional analysis with Ar etching for 5 min. at 1 nm/1 min. etching rate. 
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Figure 4.22 XPS merged spectra of the Li2GeS3 thin film in Ar atmosphere without Ar 
etching and with Ar etching for 1 min. and 5 minutes.  
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Figure 4.23 Deconvoluted S2p core peaks for the Li2GeS3 thin film in Ar atmosphere for 
without Ar etching. 
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Figure 4.24 Deconvoluted S2p core peaks for the Li2GeS3 thin film in Ar atmosphere with 
Ar etching for 1 min at 1 nm/1 min. etching rate.  
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Figure 4.25 Deconvoluted S2p core peaks of the Li2GeS3 thin film in Ar atmosphere with Ar 
etching for 5 min at 1 nm/1 min. etching rate.   
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Figure 4.26 XPS survey scan of the Li4GeS4 thin film in Ar atmosphere without Ar etching.  
Survey scan of the Li4GeS4 thin film 
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Figure 4.27 XPS region spectra of each element in the Li4GeS4 thin film in Ar atmosphere 
for compositional analysis without Ar etching. 
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Figure 4.28 XPS survey scan of the Li4GeS4 thin film in Ar atmosphere with Ar etching for 
1 min. at 1 nm/1 min. etching rate.  
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Figure 4.29 XPS region spectra of each element in the Li4GeS4 thin film in Ar atmosphere 
for compositional analysis with Ar etching for 1 min. at 1 nm/1 min. etching rate. 
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Figure 4.30 XPS survey scan of the Li4GeS4 thin film in Ar atmosphere for compositional 
analysis with Ar etching for 5 min. at 1 nm/1 min. etching rate. 
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Figure 4.31 XPS region spectra of each element in the Li4GeS4 thin film in Ar atmosphere 
for compositional analysis with Ar etching for 5 min. at 1 nm/1 min. etching rate. 
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Figure 4.32 XPS merged spectra of the Li4GeS4 thin film in Ar atmosphere without Ar 
etching and with Ar etching for 1 min. and 5 minutes.  
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Figure 4.33 Deconvoluted S2p core peaks for the Li4GeS4 thin film Ar atmosphere without 
Ar etching.  
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Figure 4.34 Deconvoluted S2p core peaks for the Li4GeS4 thin film Ar atmosphere with Ar 
etching for 1 min. at 1 nm/1 min. etching rate.  
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Figure 4.35 Deconvoluted S2p core peaks for the Li4GeS4 thin film Ar atmosphere with Ar 
etching for 5 min. at 1 nm/1 min. etching rate.  
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Figure 4.36 XPS survey scan of the Li6GeS5 thin film in Ar atmosphere withtout Ar etching.
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Figure 4.37 XPS region spectra of each element in the Li6GeS5 thin film in Ar atmosphere 
for compositional analysis without Ar etching.  
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Figure 4.38 XPS survey scan of the Li6GeS5 thin film in Ar atmosphere with Ar etching for 
1 min. at 1 nm/1 min. etching rate. 
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Figure 4.39 XPS region spectra of each element in the Li6GeS5 thin film in Ar atmosphere 
for compositional analysis with Ar etching for 1 min. at 1 nm/1 min. etching rate. 
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Figure 4.40 XPS survey scan of Li6GeS5 thin film in Ar atmosphere with Ar etching for 5 
min. at 1 nm/1 min. etching rate. 
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Figure 4.41 XPS region spectra of each element in the Li6GeS5 thin film in Ar atmosphere 
for compositional analysis with Ar etching for 5 min. at 1 nm/1 min. etching rate. 
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Figure 4.42 XPS merged spectra of the Li6GeS5 thin film in Ar atmosphere without Ar 
etching and with Ar etching for 1 min. and 5 minutes.  
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Figure 4.43 Deconvoluted S2p core peaks for Li6GeS5 thin film Ar atmosphere without Ar 
etching.  
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Figure 4.44 Deconvoluted S2p core peaks for Li6GeS5 thin film Ar atmosphere with Ar 
etching for 1 min. at 1nm / min. etching rate.  
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Figure 4.45 Deconvoluted S2p core peaks for Li6GeS5 thin film Ar atmosphere with Ar 
etching for 5 min. at 1 nm/1 min. etching rate.  
S2p 
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CHAPTER 5: IONIC CONDUCTIVITY MEASUREMENTS OF SOLID STATE 
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5.1 Abstract 
In this study, lithium thio-germanate thin-film electrolytes for lithium rechargeable 
batteries have been successfully prepared by radio-frequency (RF) magnetron sputtering 
deposition in Ar gas atmosphere. The targets for RF sputtering were prepared by milling and 
pressing the appropriate amounts of the starting materials powder in the nLi2S + GeS2 (n = 1, 
2 and 3) binary system. 2 mm wide Au electrodes with a parallel configuration of 2 mm 
spacing were sputtered to 100 nm at sputtering rate of 5 nm/min. on Al2O3 single crystal 
substrates and then ~1 μm thin-film electrolytes were grown on them at 50 W power and 25 
mtorr in Ar gas pressure. The ionic conductivity measurements of the targets and the thin 
film electrolytes were conducted from -25 oC to 100 oC with 25 oC increment and with 
frequency ranging from 10-1 Hzto 107 Hz. The ionic conductivities at 25 oC of the  Li2GeS3, 
Li4GeS4 and Li6GeS5 target materials are 2.9 × 10-4 (S/cm), 7.5 × 10-4 (S/cm) and 1.7 × 10-3 
(S/cm), respectively. 
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The ionic conductivities at 25 oC of the Li2GeS3, Li4GeS4 and Li6GeS5 thin-film in Ar 
atmosphere were found to be 1.1 × 10-4 (S/cm), 7.5 × 10-4 (S/cm) and 1.7 × 10-3 (S/cm), 
respectively. As the Li2S content in the thin film increases the ionic conductivities of the 
thin-films increase. The ionic conductivities are measured at various temperatures from -
25oC to 100 oC. These films showed that they are very stable at temperatures up to 100 oC.  
 
5.2 Introduction 
The enormous growth in portable consumer electronic devices such as mobile phones, 
laptops, digital cameras, and personal digital assistants over the past decade has generated a 
large interest in compact, high energy density and light-weight batteries[1,2]. As power 
requirements become more demanding, batteries are also expected to provide higher energy 
densities. Lithium- based batteries have begun to fill this need due to their use as an attractive 
anode material. Lithium is very lightweight and has a high electrochemical equivalency; 
these properties lend to lithium being an attractive battery anode. Rechargeable lithium 
batteries are attractive for numerous reasons: high voltages, high energy densities, wide 
operating temperature ranges, good power density, flat discharge characteristics, and 
excellent shelf life. Due to many advantages of lithium metal, much effort has been expanded 
to develop rechargeable lithium batteries for use in a wide variety of applications. 
However, although the implementation of lithium metal or Li-ion materials as an 
anode material in lithium batteries is attractive, electrolytes with high ionic conductivity are 
required for high performance of batteries. Around ten years ago, lithium batteries with 
anode lithium metal using liquid electrolytes, which show the highest ionic conductivities, 
failed because of serious safety issues[3]. The lithium metal tended to form dendrites during 
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charging and discharging due to a reaction between lithium metal and liquid electrolytes[4]. 
For these reasons, the lithium-based solid state electrolytes instead of liquid electrolytes are 
attractive and many researchers have been interested in incorporating them in solid state 
electrolytes because solid electrolytes do not have aforementioned safety issues and show a 
low temperature dependence to the ionic conductivitiy. In addition, with the recent surge in 
interest of various kinds of portable electronic devices and electric and hybrid/electric 
vehicles, the importance of portable energy devices like secondary batteries, fuel cells, and 
capacitors has increased. It is widely recognized that all-solid-state energy devices show 
promise towards improving the safety and reliability of lithium batteries.  
Although solid state thin-film batteries have many advantages over competitive 
batteries, solid electrolytes must have improved ionic conductivity to succeed in being 
applied commercially. Solid electrolytes are a key material of all-solid state energy devices 
and have been extensively studied in the fields of materials science[5]; polymer science[6], 
and electrochemistry[ 7 ]. Many efforts have been devoted to the preparation of solid 
electrolytes made of various materials including ceramics[ 8 ], glasses[ 9 ] and organic 
polymers[10].  
Among these materials for electrolytes, amorphous or glassy materials have superior 
ionic conduction over crystalline materials because they can form over a wide range of 
compositions, have isotropic properties, do not have grain boundaries and can form thin films 
easily. Because of their so-called open structure, amorphous materials typically have higher 
ionic conductivity than crystals. In addition, single ion conduction can be realized because 
glassy materials belong to decoupled systems in which the mode of ion conduction relaxation 
is decoupled from the mode of structural relaxation [11]. 
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Amorphous or glassy materials are thus among the promising candidates of solid 
electrolytes because of their capacity to have single ion conduction and high ionic 
conductivities. Oxide based electrolytes are currently widely used because of their stability in 
air, easy preparation and their long shelf life. However, they show a critical disadvantage 
which is low ionic conductivity. Even still LiPON films are currently one of the primary 
solid state electrolytes in use because of these aforementioned advantages[12-15]. However, 
this easily prepared material still has a relatively low conductivity of ~10-6 (S/cm) at 25 oC as 
compared to sulfide based materials which are in the range of 10-3 (S/cm) at 25 oC[16-18].  
Because lithium containing thio-materials show higher ionic conductivity than 
corresponding oxide materials, much research have been studied to use the thio-materials as 
solid electrolytes[19]. Recently, sulfide based materials have been investigated such as 
SiS2[20,21], GeS2[22,23], P2S5[24] and B2S3[25]. Among these sulfide materials, this study 
uses GeS2 as a base material because it is less hygroscopic and enables a more 
electrochemically stable matrix for lithium ion conduction.  
Since the GeS2-based materials are more stable in air than other sulfide materials, 
GeS2-based the Li2GeS3, Li4GeS4 and Li6GeS5 thin film electrolytes for Li-ion thin film 
batteries were grown by RF magnetron sputtering techniques in Ar atmospheres. Ionic 
conductivities of the target materials and their thin films were characterized by a impedance 
spectrometer. The ionic conductivities were conducted at various temperatures from -25 oC 
to 100 oC in 25 oC increments and over the frequency range from 0.1 Hz to 10 MHz. 
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5.3 Experimental methods 
5.3.1 GeS2 preparation as a starting material  
Glassy GeS2 was prepared by reacting stoiometric amounts of germanium metal 
powder (Alfa, 99.999%) and sulfur (Alfa, 99.999%) in an evacuated silica tube at 900 °C. 
First, a bare silica tube was cleaned with a 2% aqueous ammonium bifluoride, NHFHF, 
solution. The tube was then fitted with a valve assembly and evacuated to 30 mtorr using a 
roughing pump. Surface moisture on the inside of the tube was removed by passing the tube 
over a propane gas/oxygen flame. Once this moisture was removed, the tube was transferred 
to the glovebox, where the appropriate amounts of Ge and S were placed into the tube. The 
tube was then sealed with a valve assembly and removed from the glovebox and evacuated 
with the roughing pump again to a pressure of ~30 mtorr. Following evacuation, the tube was 
sealed using a high-temperature gas oxygen torch.  
The sealed tube was then placed into a furnace held at an angle of 5° where it was 
slowly heated from room temperature to 900 °C at a rate of 1 °C/min. The tube was slowly 
rotated at about 7 rpm to promote full mixing and reaction of the components. 
After the tube was held at 900 °C for 16 hours, it was air quenched to room temperature. The 
air quenched GeS2 material inside the silica tube was put into the glovebox and silica tube 
was broken to remove the GeS2 glass product. The final product from this process was a 
homogeneous transparent yellow glass.  
 
5.3.2 Preparation of target materials 
Li4GeS4 powders were prepared using stoichiometric amounts of Li2S (Alfa, 99.9 %) 
and the GeS2 prepared as described above. These powders were mechanically milled for ~15 
158 
minutes in a steel container with one steel grinding ball to ensure good mixing and to start 
the reaction process. Batches of 3 to 4 grams were melted in a covered vitreous carbon 
crucible at 950 °C for 15 minutes inside a mullite tube lined muffle furnace attached 
hermetically to the side of the glovebox.  
The melted charges were slow cooled to room temperature in the furnace and in some 
cases were also poured out of the crucible onto a brass plate and quenched to room 
temperaute. Once enough material, ~15 grams, was prepared using the aforementioned 
method, the material was ground into a fine powder using a vibratory Spex mill for 15 
minutes. Fifteen grams of the powder was weighed out and poured into a steel die set with a 
2″ diameter. The die set was agitated so as to make the powder level and as smooth as 
possible. The top loading die was placed into the shaft and allowed to slowly settle on top of 
the powder. This assembly was loaded into a plastic bag to prevent contamination (oxidation) 
during the consolidation process and taken outside the glovebox to be biaxially pressed. The 
sample was placed on a sheet of 1/4″ rubber between the press and the die set and loaded 
under ~30,000 lb (~60,000 psi) load overnight. 
The target was then adhered to the back of a 2″ diameter 0.125″ thick copper plate 
using silver paste so that it could be water-cooled during the deposition process to prevent 
overheating.  
 
5.3.3 Preparation of ionic conductivity measurement of the target 
In order to measure the ionic conductivity of the target materials, ~500 mg powder of 
the target materials was put into a 13 mm diameter stainless steel die set and then pressed at 
~20,000 pounds (~40,000 psi). Au electrodes with 10 mm diameter on both target surfaces 
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were d.c. sputtered for 20 min. with a sputtering rate of ~5 nm/min. in the glove box so that 
the thickness of the Au electrodes is ~100 nm. The picture of the target after Au electrode 
sputtering is shown in Figure 5.1. Ionic conductivity of the target was measured in a 
specialized container to prevent contamination by moisture and air. The ionic conductivities 
of the target materials were conducted at various temperatures from -25 oC to 100 oC with 25 
oC increments.  
 
5.3.4 Preparation of substrates for sputtering of the thin film electrolytes  
Single crystal Al2O3 substrates were cut into 2 cm × 2 cm dimensions, cleaned in 
piranha solution (H2SO4 : H2O2 = 3 : 1) for 1 hour, ultrasonically cleaned in acetone for 20 
min, and then D.I water for 20 min. The samples were dried with N2 gas and then were put in 
a vacuum drying oven at 120 oC overnight. 
The sapphire substrates were loaded into a d.c. sputtering chamber in the glovebox 
and covered by the stainless steel mask with 10 mm width. Au electrodes of ~100 nm 
thickness were sputtered for 20 min. with a sputtering rate of 5 nm/min. through in the mask. 
The schematic shape of the parallel Au electrodes is shown in Figure 5.2. Lastly, the 
substrate then was loaded into the RF magnetron sputtering chamber to grow the thin film 
electrolytes. 
 
5.3.5 Deposition of the thin films 
In order to produce the desired thin films, the target assembly was attached to the 
sputtering gun inside the glove box and the sputtering gun assembly was attached to the 
sputtering system. The sputtering gun was then removed from the glovebox and quickly 
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attached to the deposition chamber to minimize oxidation of the target. The deposition 
chamber was then evacuated to ~7×10-8 torr. Additionally, the deposition chamber was 
heated for two days using tape heaters so as to drive off any remaining water in the system. 
Substrates were then introduced into the deposition chamber through the glovebox via a 
sliding track system.  
The chamber was with filled high purity Ar gas (99.9999%) to ~100 mtorr and the 
plasma was lit by turning on the RF power to the target. Pre-sputtering was performed for 30 
min. on the target with the substrate shielded in order to clean the surface of the target of any 
impurities from the brief exposure to atmospheric moisture.      
After pre-sputtering, the shield was withdrawn and the deposition proceeded to 
produce thin films. All films were produced with a power level of 50 W and a 25 mtorr 
dynamic pressure of the Argon sputtering gas. Lower pressures and lower powers were found 
to produce Li deficient films. High powers were found to severely degrade the sputtering 
target quickly.  
 
5.3.6 Impedance spectroscopy 
Measurements were performed on Au deposited targets and thin films at temperatures 
from -25 oC to 100 oC with 25 oC increments and from 0.1 Hz to 10 MHz using a 
Novocontrol Technologies impedance spectrometer. The ionic conductivities of the Li2GeS3, 
Li4GeS4 and Li6GeS5 target materials and thin films in Ar atmosphere were characterized. 
Because the lithium thio-germanate materials are sensitive to moisture and air, the thin film 
samples were put into specialized air tight sample container. The sample containers are 
shown in Fig. (5.3). The Fig. (5.3) shows the sample container (a) before assembly of the 
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target materials, (b) before assembly of the thin films and (c) after assembly of the targets (d) 
and after assembly of the thin films.  
 
 
 
5.4 Results and discussion 
 
5.4.1 Ionic conductivities of the target materials 
The ionic conductivities of the Li2GeS3 target material at various temperatures from -25 oC 
to 100 oC with 25 oC increments are shown in Fig. (5.4). The ionic conductivities increase 
following an Arrhenius behavior, σ(T) = σoexp(-ΔEa/RT), over the measured temperature 
ranges. As the temperature increases from -25 oC to 100 oC, the ionic conductivity 
continuously increases. This means that the target material is stable over a wide temperature 
range. The ionic conductivity of the Li2GeS3 target at 25 oC is 2.9 × 10-5 (S/cm). This is 
similar but previous slightly lower than that of reported data of bulk Li2GeS3 glass by Y. 
Kim[26]. The ionic conductivity of the Li2GeS3 target is lower because it is assumed that the 
target material probably contains a lot of vacancies which result in increasing the resistance. 
Fig. (5.5) shows typical complex impedance plots for the Li2GeS3 target material.  
The conductivity was then determined from the resulting complex impedance spectra. 
The semicircle at high frequency represents the bulk response of the target materials to an 
applied electric field. The bulk response was obtained from the intersection of the semicircle 
with the real (Z’) axis at the lower frequency side. The geometric cell constant was optimized 
in order to effectively measure bulk and thin film materials. Equation (1) was used to 
calculate the ionic conductivity from the measured d.c. resistance R, the thickness of the 
electrolyte t and its area A, and  t/A is the cell constant.  
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The ionic conductivities at various temperatures were calculated by Eq. (1) based on the 
d.c. resistance and the cell constant. The resistances and ionic conductivities of the Li2GeS3 
target material at various temperatures are listed in Table 5.1.   
The temperature dependence of the ionic conductivities for the Li4GeS4 target 
material are presented in Fig. (5.6). The conductivities increase following an Arrhenius 
behavior over the measured temperature ranges like those of the Li2GeS3 target. The ionic 
conductivity of the Li2GeS3 target at room temperature is 2.7 × 10-6 (S/cm). The ionic 
conductivity of the Li4GeS4 target is slightly lower than that of Li2GeS3 target. The reason is 
most likely that the Li2GeS3 target material is glassy, but the Li4GeS4 target material has 
some crystalline character. The conductivities of polycrystalline electrolytes (> 10-6 S/cm) 
are generally too low to use them for applications due to grain boundary resistance [27]. 
Glassy materials, in contrast, generally offer higher ionic conductivity because of physical 
isotropy with an absence of grain boundaries. As the temperature increases from -25 oC to 
100 oC, the ionic conductivity continuously increases. This means that the target material is 
stable over a wide temperature range.  
Fig. (5.7) shows typical complex impedance plots with various temperatures from 
room temperature to 100 oC with 25 oC increments for the Li4GeS4 target material. As 
mentioned above resistance and ionic conductivities of Li2GeS3 target the resistances and 
ionic conductivities of the Li4GeS4 target are listed in Table 5.1. Because the thickness of the 
Li4GeS4 target and area of the Au electrode are 0.105 cm and 0.25πcm2, respectively, the cell 
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constant is 0.13369 cm-1. The ionic conductivity was determined by measuring the d.c. 
resistances (R).  
The ionic conductivities at various temperatures ranging from -25 oC to 100 oC at 25 oC 
increments for the Li6GeS5 target material are shown in Fig. (5.8). The ionic conductivity of 
the Li6GeS5 target at room temperature is 2.5 × 10-6 (S/cm). The conductivity at room 
temperature of the Li6GeS5 target is very close to that of the Li4GeS4 target because both the 
Li4GeS4 and Li6GeS5 target materials are partially crystalline. The contents of Li2S 
crystalline powder in the Li4GeS4 and Li6GeS5 target materials are higher than that of 
Li2GeS3 target. Fig. (5.9) shows typical complex impedance plots at various temperatures 
from room temperature to 100 oC with 25 oC increments for the Li6GeS5 target material. 
Resistances and ionic conductivities of the Li6GeS5 target materials are listed in Table 4.1. A 
plot of the ionic conductivities of the target materials over the temperature ranges of -25 oC 
to 100 oC with 25 oC increments is shown in Fig. (5.10). The slopes of the Arrhenius plots for 
the target materials give rise to the activation energies. The activation energy of conduction, 
ΔEa, was calculated from the slope obtained from the log10(σ) versus 1000/T(K) plot. The 
ionic conductivities of the three target materials at room temperature and their activation 
energies are listed in Table 5.2.  
As shown in the Table 5.2 the activation energy is in inverse proportion to ionic 
conductivity. The ionic conductivities at room temperatures and activation energies for the 
Li2GeS3, Li4GeS4 and Li6GeS5 target materials are shown in Fig. (5.11). 
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5.4.2 Ionic conductivities of the thin films 
The ionic conductivities of the Li2GeS3 thin film grown in Ar atmosphere at various 
temperature ranges from -25 oC to 100 oC with 25 oC increments are shown in Fig. (5.12). As 
shown in Fig. (5.12), the ionic conductivities of the Li2GeS3 thin film in Ar atmosphere at 
room temperature and at 100 oC are 1.1× 10-4 S/cm and 2.9× 10-3 S/cm, respectively. As the 
temperature increases from -25 oC to 100 oC with 25 oC increments, the ionic conductivity 
continuously increases. This means that the target material is stable over a wide temperature 
range. This thin film is very stable over a wide temperature ranges compared to pure liquid 
electrolyte[28]. Fig. (5.13) shows Nyquist plot of the complex impedance for the Li2GeS3 
thin film in Ar atmosphere at various temperature ranges from 25 oC to 100 oC wih 25 oC 
increment. The frequency increases for each point from right to left starting at 0.1 Hz and 
finishing at 10 MHz. The resistance and ionic conductivities were calculated by resistance 
and cell constant and are listed in Table 4.3. 
Fig. (5.14) shows the ionic conductivities of the Li4GeS4 thin film in Ar atmosphere 
at various temperature ranges from -25 oC to 100 oC with 25 oC increments. The ionic 
conductivities of the Li4GeS4 thin film in Ar atmosphere at each temperature were higher 
than those of Li2GeS3 thin film in Ar atmosphere. The reason for Li4GeS4 thin films having 
higher ionic conductivity than Li2GeS3 thin film is that the Li4GeS4 thin film was produced 
by a Li4GeS4 target which contained higher Li2S content than a Li2GeS3 target. There was 
higher Li content in the Li4GeS4 thin film than the Li2GeS3 thin film so that the ionic 
conductivities were higher. The ionic conductivities at room temperature and 100 oC of the 
Li4GeS4 thin film are 7.5 × 10-4 (S/cm) and 1.3 × 10-2 (S/cm), respectively. The Nyquist plot 
of the complex impedance for the Li4GeS4 thin film in Ar atmosphere at various temperatures 
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from 25 oC to 100 oC with 25 oC increments was shown in the Fig. (5.15). The resistance and 
ionic conductivities were calculated by resistance and cell constant and are listed in Table 4.3 
same as Li2GeS3 thin film measurement. The frequency ranges are the same as the Li2GeS3 
thin film measurement.  
To verify how the ionic conductivities of the thin films changed with increasing of 
Li2S content, the ionic conductivities of the Li6GeS5 thin films in Ar atmosphere were 
analyzed. Fig. (5.16) shows the ionic conductivities of Li6GeS5 thin film in Ar atmosphere at 
various temperatures from -25 oC to 100 oC with 25 oC increments. The ionic conductivities 
of the Li6GeS5 thin film at room temperature and 100 oC are 1.7 × 10-3 S/cm and 3.0 × 10-2 
S/cm, respectively. The ionic conductivity was measured to be ~10-4 S/cm at -25 oC which is 
very high compared to room temperature ionic conductivity of oxide thin films which were 
measure at ~10-6 S/cm. The resistances and ionic conductivities of the Li6GeS5 thin film in Ar 
atmosphere at various temperatures ranges from -25 oC to 100 oC with 25 oC increments are 
listed in Table 4.3. All three kinds of thin films show ionic conductivities that are at least two 
orders of magnitude higher than LiPON thin films which are currently used commercially as 
thin film electrolytes. In addition, because the three compositions of sulfide thin film 
electrolytes are very stable over wide temperature ranges compared to liquid or polymer 
electrolytes.  
Therefore, Li-ion batteries using these sulfide thin film electrolytes are very 
promising to apply at unfavorable temperature conditions. The Nyquist plot of the complex 
impedance for the Li6GeS5 thin film in Ar atmosphere at various temperatures from 25 oC to 
100 oC with 25 oC increments is shown in the Fig. (5.17). The frequency ranges are same as 
Li2GeS3 and Li4GeS4 thin film measurement. The spike shape at low frequencies represents 
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polarization of the Li ion. Fig. (5.18) show the ionic conductivities of the thin films at 
various temperatures and activation energies. The slops of the Arrhenius plot for the thin 
films give rise to activation energies. The ionic conductivities of three compositions of 
sulfide thin film electrolytes at room temperature and activation energies are listed in Table 
5.4. and are shown Fig. (5.19). As Li2S increases in the thin films, ionic conductivities of the 
thin films increased. However, as Li2S increases in the thin films the activation energies 
decreased until at n = 2 and then slightly increased. The reason is that the Li6GeS5 thin film 
show slightly high free exponential factor, Log σo(S/cm) as shown in Talbe 5.4.     
 
5.4.3 Reproducibility of the thin films 
 To verify the ionic conductivities of the thin films, different Li4GeS4 thin films were 
grown in an Ar atmosphere. The sputtering conditions of the thin films are listed in Table 
5.5. To verify the reproducibility of the thin films, the Li4GeS4 thin film (a) and the Li4GeS4 
thin film (b) were prepared under the same conditions: 45 W power and 25 mtorr pressure for 
90 minutes were used to make the thin films. As shown in Fig. (4.2), a mask with 10 mm 
width was used. In order to compare the ionic conductivities of the thin films, Li4GeS4 thin 
film (c) was prepared using different conditions than the Li4GeS4 thin films in (a) and (b). 
The power and pressure are 50 W and 25 mtorr, respectively, for the Li4GeS4 thin film in (c). 
Further, the Li4GeS4 thin film (c) was grown for 100 minutes.  
Ionic conductivities at 25 oC for these Li4GeS4 thin films are shown in Fig. (5.20). 
Although a different target was used to make each thin film with the same power and 
pressure, the ionic conductivities of the Li4GeS4 thin films (a) and (b) are very similar. This 
suggests that the reproducibility of the results is very good. In order to determine the 
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reproducibility using different sputtering conditions and cell constant geometries, the 
Li4GeS4 thin film (c) was characterized by impedance spectroscopy. As shown in Fig. (5.20), 
the ionic conductivity of the Li4GeS4 thin film (c) is slightly lower than those of Li4GeS4 thin 
film (a) and (b). Theoretically, the ionic conductivity is an intrinsic property so that the ionic 
conductivity should be the same although different conditions and geometries are used. A 
reason for slightly lower ionic conductivity of the Li4GeS4 thin film (c) might be that the thin 
film was slightly contaminated by oxygen in the glove box. Although the Li4GeS4 thin film 
(c) shows slightly lower ionic conductivity than the Li4GeS4 thin film (a) and (b), the ionic 
conductivities of all Li4GeS4 thin films are in ~10-4 S/cm range. Therefore, it can be said that 
the Li4GeS4 thin films grown by RF sputtering are very reproducible.  
Finally, the Arrhenius plots for the Li4GeS4 thin films (a), (b) and (c) are shown in 
Fig. (5.21) and the comparably Arrhenius plot for the LiPON[29] is also shown in Fig. (5.21) 
to those the comparison between the ionic conductivities of the sulfide thin films and oxide 
thin film. As shown in Fig. (5.21), the ionic conductivities of the sulfide thin films are at least 
two orders of magnitude higher than that of LiPON. Therefore, although sulfide thin films 
are difficult to prepare, the sulfide thin film shows good reproducibility and higher ionic 
conductivities than oxide thin films. In order to verify the ionic conductivity and 
reproducibility of the sulfide thin films, additional compositions and geometries need to be 
measured in future.  
 
5.5 Conclusions 
An RF Magnetron sputtering system has been constructed and coupled to a nitrogen 
glovebox, so that moisture-sensitive films can be deposited without contamination. The 
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Li2GeS3, Li4GeS4 and Li6GeS5 thin film electrolytes have been deposited from these targets 
with 50 W power and 25 mtorr pressure in Ar atmospheres.  
The sputtering condition was optimized and the samples were handled with care at 
every processing step to minimize contamination by moisture and air. The high ionic 
conductivities of the thin films at 25 oC were obtained to world records which are at least two 
orders of magnitude higher than those of commercial LiPON thin film electrolytes. The ionic 
conductivity at low temperature, -25 oC, shows one order higher than those of the oxide thin 
films at room temperature. In addition, as the temperature increases from -25 oC to 100 oC 
with 25 oC increments, the ionic conductivity continuously increases. This means that the 
target material is stable over a wide temperature range, so that it can be said that the lithium 
ion batteries based on these sulfides materials are very stable over wide temperature ranges 
and are very promising to apply commercial products. In order to verify the reproducibility 
the Li4GeS4 thin films were grown in an Ar atmosphere. By using the same conditions and 
geometry the Li4GeS4 thin films showed very similar ionic conductivities. When the 
sputtering conditions and cell constant geometries are changed, the Li4GeS4 thin film showed 
a slightly different ionic conductivity. This difference in ionic conductivity is not caused by 
an intrinsic property of the film but caused by oxygen in the glove box. However, the ionic 
conductivities of the all Li4GeS4 thin films are in ~10-4 S/cm range so that it can be said that 
the Li4GeS4 thin films show good reproducibility. 
By successfully making thin films of high quality it can be concluded that the lithium 
thio-germanate thin film electrolytes have high potential for solid state thin film batteries. 
Further extensive effort for solid state full battery fabrication, however, is needed before this 
thin film electrolyte is put to practical use. 
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Table 5.1 Target resistances and their ionic conductivities at various temperatures ranging 
from -25 oC to 100 oC with 25 oC increments.  
 
 
Temp. 
(oC) 
Target resistance (Ω) 
Li2GeS3 Li4GeS4 Li6GeS5 
-25 7.3 (±100) × 104 1.9 (±500) × 106 1.8 (±500) × 106 
0 1.5 (±70) × 104 2.8 (±300) × 105 2.3 (±300) × 105 
25 4.2 (±50)× 103 4.9 (±100) × 104 4.2 (±100) × 104 
50 1.5 (±40)× 103 1.1 (±80) × 104 9.8 (±80) × 103 
75 6.2 (±20)× 102 3.1 (±50) × 103 2.7 (±50) × 103 
100 3.2 (±10)× 102 1.0 (±30) × 103 8.6 (±25) × 102 
 
 
Temp. 
(oC) 
Ionic conductivity (S/cm) 
Li2GeS3 Li4GeS4 Li6GeS5 
-25 1.7 (±0.3) × 10-6 7.0 (±0.5) × 10-8 5.9 (±0.5) × 10-8 
0 8.2 (±0.3) × 10-6 4.8 (±0.4) × 10-7 4.5 (±0.4)  × 10-7 
25 2.9 (±0.2)  × 10-5 2.7 (±0.3) × 10-6 2.5 (±0.3) × 10-6 
50 8.3 (±0.2)  × 10-5 1.2 (±0.2)  × 10-5 1.1 (±0.2) × 10-5 
75 2.0 (±0.1) × 10-4 4.3 (±0.2)  × 10-5 4.0 (±0.2)  × 10-5 
100 3.8 (±0.1) × 10-4 1.3 (±0.1) × 10-4 1.3 (±0.1) × 10-4 
 
 
 
 
 
 
 
 
 
 
Composition Thickness  (± 0.002 mm) Area  
Li2GeS3 target 0.96 mm 0.7854 cm2 
Li4GeS4 target 1.05 mm 0.7854 cm2 
Li6GeS5 target 0.85 mm 0.7854 cm2 
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Table 5.2 Ionic conductivities at room temperature and activation energies for nLi2S + GeS2 
(n = 1, 2, and 3) targets.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Composition σ25°C (S/cm) ΔEa (eV) (± 0.005) 
Log10σo(S/cm) 
(± 0.005) 
Li2GeS3 target 2.9 (±0.2) × 10-5 0.337 1.135 
Li4GeS4 target 2.7 (±0.3) × 10-6 0.492 2.764 
Li6GeS5 target 2.5 (±0.3) × 10-6 0.497 2.828 
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Table 5.3 Ionic conductivities at various temperatures ranging from -25 oC to 100 oC with 25 
oC increments for nLi2S + GeS2 (n = 1, 2, and 3) thin films in Ar atmosphere.  
 
 
Temp. 
(oC) 
Thin film resistance (Ω) 
Li2GeS3 Li4GeS4 Li6GeS5 
-25 1.35 (±500) × 109 1.09 (±100) × 108 5.15 (±100) × 107 
0 2.16 (±300) × 108 2.32 (±80) × 107 1.04 (±80) × 107 
25 5.03 (±200)× 107 6.63 (±70) × 106 2.97 (±70) × 106 
50 1.42 (±100)× 107 2.24 (±50) × 106 1.00 (±50) × 106 
75 4.79 (±100)× 106 8.56 (±40) × 105 3.86 (±30) × 105 
100 1.87 (±50)× 106 3.79 (±30) × 105 1.68 (±20) × 105 
 
 
 
Temp. 
(oC) 
d.c. ionic conductivity (S/cm) 
Li2GeS3 Li4GeS4 Li6GeS5 
-25 4.0 (±0.3) × 10-6 4.6 (±0.2) × 10-5 9.7 (±0.2)  × 10-5 
0 2.5 (±0.2) × 10-5 2.2 (±0.1)  × 10-4 4.8 (±0.1)  × 10-4 
25 1.1 (±0.1) × 10-4 7.5 (±0.1)  × 10-4 1.7 (±0.05) × 10-3 
50 3.8 (±0.1) × 10-4 2.2 (±0.05)  × 10-3 5.0 (±0.05) × 10-3 
75 1.1 (±0.05)  × 10-3 5.8 (±0.05)  × 10-3 1.3 (±0.02)  × 10-2 
100 2.9 (±0.05) × 10-3 1.3 (±0.02)  × 10-2 3.0 (±0.02)  × 10-2 
 
 
 
 
 
 
 
 
 
 
Composition Thickness  (± 0.01mm)  Area  
Li2GeS3 thin film 2 mm 0.7854 cm2 
Li4GeS4  thin film 2 mm 0.7854 cm2 
Li6GeS5  thin film 2 mm 0.7854 cm2 
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Table 5.4 Ionic conductivities at room temperature and activation energies for nLi2S + GeS2 
(n = 1, 2, and 3) thin films in Ar atmosphere.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Composition σ25°C (S/cm) ΔEa (eV)  (± 0.005) 
Log10σo(S/cm) 
(± 0.005) 
Li2GeS3-Ar thin film 1.1 (±0.1) × 10-4 0.417 3.096 
Li4GeS4 -Ar thin film 7.5 (±0.1) × 10-4 0.358 2.951 
Li6GeS5 -Ar thin film 1.7 (±0.05) × 10-3 0.363 3.382 
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Table 5.5 The sputtering conditions of the Li4GeS4 thin films in Ar atmosphere.  
 
 
 
 
 
 Sputtering time Power Pressure Width 
Li4GeS4 thin film (a) 90 min. 45 W 25 mtorr 10 mm 
Li4GeS4 thin film (b) 90 min. 45 W 25 mtorr 10 mm 
Li4GeS4 thin film (c) 100 min. 50 W 25 mtorr 12 mm 
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Figure 5.1 Picture of a circular shaped target material with Au electrodes deposited at 100 
nm thickness and a 10 mm diameter.   
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Figure 5.2 Picture of a substrate of 20 mm dimension with (a) Au electrodes deposited of 
100 nm thickness and a 2 mm width and (b) Au electrodes covered with a mask of 10 mm 
width for the deposition of the film. 
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Figure 5.3 Picture of the sample container (a) before assembly of the target, (b) before 
assembly of the thin film, (c) after assembly of the target and (d) after assembly of the thin 
film (d) for measurement of ionic conductivity. 
Target 
Thin film 
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Figure 5.4 The ionic conductivities of Li2GeS3 target material at various temperatures 
ranging from -25 oC to 100 oC with 25 oC increments.  
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Figure 5.5 Nyquist polt of the complex impedance for the Li2GeS3 target material. The 
frequency increases for each point from right to left starting at 0.1 Hz and finishing at 10 
MHz. 
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Figure 5.6 The ionic conductivities of Li4GeS4 target material at various temperatures 
ranging from -25 oC to 100 oC with 25 oC increments. 
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Figure 5.7 Nyquist polt of the complex impedance for the Li4GeS4 target material. The 
frequency increases for each point from right to left starting at 0.1 Hz and finishing at 10 
MHz. 
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Figure 5.8 The ionic conductivities of Li6GeS5 target material at various temperatures from -
25 oC to 100 oC with 25 oC increments. 
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Figure 5.9 Nyquist polt of the complex impedance for the Li6GeS5 target material. The 
frequency increases for each point from right to left starting at 0.1 Hz and finishing at 10 
MHz. 
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Figure 5.10 The ionic conductivities with various temperatures for Li2GeS3, Li4GeS4 and 
Li6GeS5 targets. The slopes of the Arrhenius plots for the target materials which give 
activation energies. 
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Figure 5.11 Ionic conductivities and activation energies at room temperature for the nLi2S + 
GeS2 (n = 1, 2 and 3) target materials. 
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Figure 5.12 The ionic conductivities of Li2GeS3 thin film in Ar atmosphere at various 
temperatures ranging from -25 oC to 100 oC with 25 oC increments. 
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Figure 5.13 Nyquist plot of the complex impedance for the Li2GeS3 thin film in Ar 
atmosphere with various temperature ranges from 25 oC to 100 oC (25 oC increments). The 
frequency increases for each point from right to left starting at 0.1 Hz and finishing at 10 
MHz. 
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Figure 5.14 The ionic conductivities of Li4GeS4 thin film in Ar atmosphere at various 
temperatures ranging from -25 oC to 100 oC with 25 oC increments. 
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Figure 5.15 Nyquist polt of the complex impedance for the Li4GeS4 thin film in Ar 
atmosphere with various temperature ranges from 25 oC to 100 oC (25 oC increments). The 
frequency increases for each point from right to left starting at 0.1 Hz and finishing at 10 
MHz. 
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Figure 5.16 The ionic conductivities of Li6GeS5 thin film in Ar atmosphere at various 
temperatures ranging from -25 oC to 100 oC with 25 oC increments. 
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Figure 5.17 Nyquist polt of the complex impedance for the Li6GeS5 thin film in Ar 
atmosphere with various temperature ranges from 25 oC to 100 oC (25 oC increments). The 
frequency increases for each point from right to left starting at 0.1 Hz and finishing at 10 
MHz. 
192 
 
 
 
 
 
2.2 2.4 2.6 2.8 3.0 3.2 3.4 3.6 3.8 4.0 4.2 4.4
10-7
10-6
10-5
10-4
10-3
10-2
10-1
 Li2GeS3-Ar thin film
 Li4GeS4-Ar thin film
 Li6GeS5-Ar thin film
σ (
S/
cm
)
1000/T(K)  
 
 
 
 
 
 
 
 
 
Figure 5.18 The ionic conductivities at various temperatures for Li2GeS3, Li4GeS4 and 
Li6GeS5 thin films in Ar atmosphere. The slopes of the Arrhenius plots for the target 
materials which give activation energies. 
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Figure 5.19 Ionic conductivities and activation energies at room temperature for the nLi2S + 
GeS2 (n = 1, 2 and 3) thin films in Ar atmosphere. 
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Figure 5.20 Ionic conductivities at 25 oC for the Li4GeS4 thin films in Ar atmosphere to 
verify reproducibility. 
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Figure 5.21 The Arrhenius plots for the Li4GeS4 thin films (a), (b) and (c) and LiPON (d) 
ref. [29]. 
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CHAPTER 6: GENERAL CONCLUSIONS AND FUTURE WORK 
 
6.1 General conclusions 
Sulfide ionic conductivity materials have some difficulties in preparation and 
characterization. However, an RF magnetron sputtering system has been constructed and 
coupled to a nitrogen glovebox so that moisture-sensitive films can be deposited without 
contamination. In addition, the sputtering condition was optimized and the samples were 
handled with great care at every processing step to minimize contamination by moisture and 
air. Therefore, in this study, we obtained high quality and purity thin film electrolytes.  
 In Chapter 2, the structural properties of the thio-germanate materials characterized 
by XRD, Raman and IR. From the XRD data, GeS2 glass shows an amorphous structure 
while Li2S show crystalline. The XRD data of the Li2S crystalline closely matched to JCPDS 
data. While the Li2GeS3 target revealed amorphous structure, the Li4GeS4 and Li6GeS5 
targets showed crystalline structure. SEM surface morphology of the thin films shows a 
mirror-like surface without cracks or pits so that it can be assumed that the smooth surface 
enables the thin films to improve the contact resistance between the thin films and the 
electrodes.   
The starting materials, target materials and their thin films were characterized by Raman 
and IR spectroscopy. The Li2S content of thin films increased with the Li2S increase in the 
target materials. It suggests that the thin films did not show Li deficiency after sputtering and 
the sputtering condition was optimized. 
 In Chapter 3, XPS studies provided the compositional data and electronic properties 
of the starting materials, targets and thin films. By using the sensitivity factors of each 
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element after calibration, more accurate compositional data were obtained. The S2p core 
peaks in Li2S show one doublet which represents lithium sulfide and The S2p core peaks in 
GeS2 show one doublet which represents bridging sulfur. Both S2p core peaks of Li2S and 
GeS2 reveal one doublet. This means that the two materials were not contaminated by 
contaminants. The compositional data of the targets were very close to theoretical values. In 
addition, the target compositions are close to thin film composition. It can be said that the 
thin films compositions are consistent with target composition. Therefore, the sputtering 
conditions are optimized and the Li deficiency is very little so that Li deficiency can be 
ignored.  The S2p core peaks for the target materials revealed the electronic structures. From 
the S2p core peaks, the ratio of NBS (non-bridging sulfur), BS (bridging sulfur) and lithium 
sulfide were calculated. From the XPS data, the target compositions are consistent with thin 
film compositions. Therefore, the lithium thio-germanate thin-films are very promising for 
use in Li-ion batteries.     
In Chapter 4, the ionic conductivities of the targets and thin films were performed. 
The high ionic conductivities of the thin films at 25 oC were obtained to world records which 
are at least two orders of magnitude higher than those of commercial LiPON thin film 
electrolytes. The ionic conductivity at low temperature, -25 oC, shows one order higher than 
those of the oxide thin films at room temperature. In addition, As the temperature increases 
from -25 oC to 100 oC with 25 oC increments, the ionic conductivity continuously increases. 
This means that the target material is stable over a wide temperature range, so that it can be 
said that the lithium ion batteries based on these sulfides materials are very stable over wide 
temperature ranges and are very promising to apply commercial products. By successfully 
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making thin films of a high quality it can be concluded that the lithium thio-germanate thin 
film electrolytes have high potential for solid state thin film batteries.  
 In this study, the structural, compositional and electrochemical properties were 
characterized intensively. From the results in this study, the detail information was obtained 
and we realized that the thio-germanates electrolytes show high potential and promising 
materials.  If we resolve the drawback of the sulfide materials, the sulfide electrolytes can be 
used widely. 
Further extensive effort for solid state full battery fabrication, however, is needed 
before this thin film electrolyte is put to practical use. 
 
6.2 Recommendations for future research 
In this thesis, the lithium thio-germanate thin film electrolytes were characterized by 
XRD, Raman, IR, SEM, XPS and impedance spectroscopy. The thin films were produced by 
RF sputtering technique in Ar atmosphere. The pure sulfide thin films have difficulties in 
preparation and characterization because sulfide materials are sensitive in air and moisture. 
For the reason, the research can be extended as the following ways. 
1) Addition of the GeO2 to the sulfide system. 
By adding GeO2 to the nLi2S + GeS2 (n = 1, 2 and 3), the system would become more 
chemically stable than pure sulfide system. The GeO2 doped oxy thio-germanate thin films 
can be characterized by Raman, IR, FE-SEM, XPS and impedance spectroscopy. Using these 
characterizations, we can determine the manner in which the O is added to the sulfide films 
increase lithium ion conductivity. 
2) The effect of nitrogen atmosphere for sputtering 
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In this study, the thio-germanates thin film electrolytes were grown in Ar atmosphere. 
However, nitrogen might improve the ionic conductivity and contact resistance between 
electrodes and electrolytes. By introducing an MFC (Mass Flow Controler) to sputtering 
system, we can control the ratio of Ar and N2 atmosphere. In addition, the nitrogen effect will 
be investigated. 
3) Fabrication of full battery system. 
In this study, we concentrated on thin film electrolytes grown by RF sputtering. However, 
in order to apply the thin film electrolytes for commercial products, we need to concentrate 
on the application of the full battery system. It is very challenging that we need to minimize 
the contact resistance between electrodes and electrolytes and need to concern about 
cyclability and stability. 
 The sulfide materials show higher ionic conductivity than oxide materials so that if 
we resolve the difficulties in preparation and characterizations by adding O and introducing 
nitrogen to improve the contact resistance to the lithium thio oxy nitride film electrolytes will 
be promising for use Li-ion batteries 
 
 
 
 
 
 
